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Introduction

Brief justification of the modernity of the thesis Lithium niobate (LN) is attractive material more than 50 years for the frequency mixers and doublers, integrated optical devices, electro-optical modulators, holographic data recording and storage thanks to the acousto-optical, non-linear optical, piezo-electrical, electro-optical and photorefractive properties. However, the overall understanding of certain phenomena that is photorefractive effect occurring in the crystal is still under heavy discussion. The mentioned phenomenon plays a key role: on one side it substantially restricted the main part of the wavelength conversion applications as when illuminated by visible light or near infrared, there are semi-permanent changes in the refractive index of the crystal, causing a distortion of the beam, greatly reducing the efficiency of the device, on the other hand it need to improve for holographic applications. From this point of view LN:Fe crystals offer the fascinating possibilities due to the sensitivity to the photorefractivity and the possibility to obtain the crystals with high optical qualities.

Purpose of the thesis

The dissertation is devoted to the investigation of the photorefractive, structural, electrooptical (EO) and dielectrical properties depending on the intrinsic and extrinsic (introduced by incorporation of non photorefractive (𝑍𝑟 4+ , 𝐼𝑛 3+ ) and photorefractive (𝐹𝑒 2+/3+ ) ions) defects in LN crystals resulting to the purposeful control the photorefractive properties taking into account the features of the applications of LN crystals.

Objectives

The aim of the thesis is a development of a vision on advanced photorefractive and electrooptic properties in LN crystals doped with the transition metal (𝐹𝑒 2+/3+ ) and nonphotorefractive (𝑍𝑟 4+ , 𝐼𝑛 3+ ) ions on the base of a full investigation of structural, compositional, electro-optical, photorefractive properties of the mentioned crystals, to work out the parameters for a strong control of photorefractive properties of this material and optimal conditions for the growth of high quality crystals with controlled physical properties and to grow these crystals as well.

The thesis consists of introduction and four chapters:

Introduction includes the general information about lithium niobate (LN).

The first chapter is dedicated to the description of growth process of the crystals ( § 1.1) and the preparation of samples ( § 1.2).

The second chapter is devoted to the structural and composition investigations of the understudy samples LN:Fe1-1÷LN:Fe1-3 (the results are given in Table 1). In § 2.1 it is discussed the theory, literary review, experimental details and the results of the X-Ray diffraction analysis used to obtain lattice parameters a and c. § 2.2 is dedicated to the theory, literary review, details of experiments and the experimental results of Raman backscattering spectroscopy utilized to determine 𝐿𝑖 2 𝑂 content in the crystal as well as to study the frequency shift of A1(TO) phonons as a function of crystal composition and the introduction of iron ions in LN:Fe1-1÷LN:Fe1-3 samples.

In § 2.3 the discussed optical absorption measurements has been realized to investigate the concentrations of ions 𝐹𝑒 2+ and 𝐹𝑒 3+ in the understudy LN:Fe1-1÷LN:Fe1-3 samples. Chapter 3 is dedicated to the theory, literary review and the experimental methods and techniques of electro-optic (EO) and dielectric investigations ( §3.1) realized for LN samples doped with non photorefractive ( §3.2.1 and §3.2.2) and transition metal ions ( §3.3).

Chapter 4 is dedicated to the investigation of the photorefractive effect in LN:Fe1-1÷LN:Fe1-3 and LN:Fe2-1÷LN:Fe2-3 samples. We described and analyzed the theoretical observations of the photorefractive and photogalvanic effects, photoconductivity and the influence of the space charge field on these properties.

Introduction-general information about lithium niobate

Introduction-general information about lithium niobate.

The synthetic Lithium niobate (LN) crystals first obtained in 1949 by Matthias and Remeika [1], a colorless, chemically stable and insoluble in water, having high melting points, belong to the 𝐴𝐵𝑂 3 -type ferroelectrics with oxygen octahedron and exhibits spontaneous electric polarization (Ferroelectricity). At room temperature LN electro-optic crystals belong to the rhombohedral (trigonal) space group 𝑅 3𝐶 with 3𝑚 point group (C6v in Schonflies notation) [2] as it demonstrates three-fold rotation symmetry about it's 𝑐 axis. The unit cell of the crystallographic rhombohedral structure consists of ten atoms (Figure 1) where parallel planes of oxygen atoms are approximately hexagonal (Figure 2). The latter is related to the metal atoms filling the oxygen octahedral, along the ferroelectric axis (trigonal), by the following arrangement: Nb LiNb LiNb LiNb…where  demonstrates a vacant site. Li and Nb ions are shifted from the center of oxygen octahedron in the direction of the crystallographic 𝑐 axis of the hexagonal lattice. This space group is stable in the wide temperature range from room temperature up to the Curie temperature above 1100˚𝐶. At the temperature below Curie temperature 𝑇 < 𝑇 𝐶 , the oxygen octahedron is one-third filled by lithium atoms, one-third by niobium atoms and onethird by vacancies. [3]. In the paraelectric phase above Curie temperature 𝑇 > 𝑇 𝐶 , where LN crystal belongs to the 𝑅3 ̅ C space group and 3 ̅ 𝑚 point group, 𝐿𝑖 + cations lie in an oxygen layer 𝑐/4 away from the Nb atoms, whereas 𝑁𝑏 5+ ions are centered between oxygen layers [4]. As the temperature decreased from the Curie temperature, Nb and Li atoms occupy their new positions caused of dominant elastic forces resulting to the charge separation. Following to this phenomena LN crystal exhibits the spontaneous polarization.

There are three choices of axes so-called rhombohedral, hexagonal, orthohexagonal. Among them the orthohexagonal setting is preferred as all axes are mutually orthogonal. The conventional cell of LN crystal (Figure 3) includes hexagonal axes 𝑎, 𝑏, 𝑐 and the axes of Cartesian crystal coordinate system 𝑥, 𝑦, 𝑧. The unit cell about crystallographic 𝑐 axis exhibits the three fold rotation symmetry [5]. The 𝑐 axis is parallel to the polar 𝑧 axis, whereas 𝑥 axis is parallel to one of the three equivalent crystallographic axes spaced by 120˚ angle perpendicular to the z axis and 𝑦 -𝑧 plane. Thus the 𝑦 axis is along of symmetry and is perpendicular to the 𝑥 and 𝑧 axes [6].

Lattice parameters observed by Hsu et al. [7] are given in Table 1.

Table 1: Lattice 𝑎 and 𝑐 parameters and positions of atoms in the unit cell of LN crystal [7]. as LN crystal indicates three-fold rotation symmetry [8].

The comparison of LN crystal grown from congruent melt containing Li deficiency and stoichiometric crystal can be given by the following schematic phase diagram (Figure 4) [9].

Figure 4: Schematic phase diagram of the 𝐿𝑖 2 𝑂 -𝑁𝑏 2 𝑂 5 of the congruent and stoichiometric compositions of LN crystal [9].

According to the diagram of 𝐿𝑖 2 𝑂 -𝑁𝑏 2 𝑂 5 system LN is a material with a variable composition exhibiting wide non-stochiometry in the Li/Nb cation ratio. The chemical reaction indicating the development of 𝐿𝑖 2 𝑂 from the 𝐿𝑖 2 𝐶𝑂 -𝑁𝑏 2 𝑂 5 system can be expressed as: (1).

The liquidus -solidus curve illustrates a diffuse maximum for 𝑋 𝑚 = [𝐿𝑖]/([𝐿𝑖] + [𝑁𝑏]) = 48.4 ÷ 48.6 congruent composition, which corresponds to the single point where both the melt and the crystal are identical with respect to the composition [10,11]. The nonstoichiometric solid solution (deficient of Li or excess Nb) is up to 6 mol% at 𝑇 > 1150˚𝐶

for congruent composition. The congruent composition contains an excess of Nb ions compared to the Li-enriched composition. The deviation from stoichiometry is related to the density of nonstoichiometric defects. During grow process the melt composition varies with the crystallization of the lithium niobate causing a non-uniformity in the grown crystal composition. To achieve 50 mol% 𝐿𝑖 2 𝑂 in the crystal the LN must be grown from Li-enriched melt with the composition equal to about of 58.5 mol% [12]. The commercial congruent LN crystals usually are grown by Czochralski method by pulling from a melt, which is known as the most common growth method [13,14]. The mixture of initial materials lithium carbonate (𝐿𝑖𝐶𝑂 3 ) and niobium pentoxide (𝑁𝑏 2 𝑂 5 ) powders is annealed at 700-800 ˚C for drying. The mixture after sintering at 1050˚𝐶 for 2-4 hours and grounding at room temperature is melted in platinum crucible. The rotating LN crystal seed is located in the melt having the temperature slight higher of melting point and the crystal growth process is started when the seed rod is taken out slightly from the melt. The crystal is grown on the seed parallel to the crystallographic axis of seed. The temperature of crucible influences on the diameter of the growing crystal and the crystallization starts faster when the crucible temperature is close to the melting point of 𝐿𝑖𝑁𝑏𝑂 3 . For growth process does not need the special atmosphere.

To achieve a near-stoichiometric composition in the crystal the vapor transport equilibration (VTE) growth technique was suggested in 1992 by Bordui et al [15]. Later, Malovichko, Kokanyan et al. proposed the other method according to which the crystal with stoichiometric composition was grown from the congruent melt by adding 𝐾 2 𝑂 to the melt [16]. Also Polgar et al reported the technique named top-seeded solution growth (TSSG) by using potassium mixture as a high temperature solution [17]. Kitamura 

et al. proposed double crucible

Czochralski method (DCCZ) method to grow near stoichiometric crystal from Li-enriched melt [18].

Intrinsic defects: In Li deficient crystals the deviation from stoichiometry is accompanied by the formation of Li vacancies (𝑉 𝐿𝑖 -) creating consequently Nb antisite defects (𝑁𝑏 𝐿𝑖 5+ ) as 𝑁𝑏 5+ ions occupy vacancies in Li site having the nearly equal ionic radius as 𝐿𝑖 + ions [19,20,21]. In order to maintain the charge neutrality caused by charge difference of 𝐿𝑖 + and 𝑁𝑏 5+

ions the additional Li vacancies appear in non-stoichiometric crystal [21]. Along with 𝑉 𝐿𝑖 vacancies and 𝑁𝑏 𝐿𝑖 5+ ions, oxygen vacancies (𝑉 𝑂 2-) and protons (𝐻 + ) also exist. Nb ions by trapping electrons in their turn form the other defects: free polaron (𝑁𝑏 𝑁𝑏 4+ ), bound polaron (𝑁𝑏 𝐿𝑖 4+ ) and bi-polaron (𝑁𝑏 𝐿𝑖 4+ -𝑁𝑏 𝐿𝑖 4+ ) [20]. On the other hand 𝑉 𝐿𝑖 -vacancies by trapping holes also create hole-polarons. For the first time self-trapped charge carriers so-called polaron term was used by Landau [22]. According to the investigation of Landau in alkali halides due to the strong electron-phonon interaction formed charge carriers (electrons or holes) distort the neighboring lattice through the short-range and Coulomb interactions [23]. The displacement (shift) of surrounding ions results to a potential well where free charge carriers can be localized. For the first time in ionic (polar) substance discovered the quasiparticle formed by the electron-phonon coupling was referred to us as polaron consist of the self-trapped carrier and the resulting ionic displacements [24]. According to the coupling strength two kinds of polarons are well-known: large and small [25]. For large polaron the polaronic radii is larger compared to the lattice constant, whereas in the case of small polaron the increase of the coupling strength and the reduction of the polaronic radius restrict the potential well to a single lattice site [20]. Thus, the self-trapping of the charge carrier at this single site induces a small polaron due to the sufficiently strong short range interaction of the charge carrier with the neighboring lattice. After the displacement the vibration of the surrounding ions around new equilibrium positions leads to the lower energy than the half width of the energy band expecting from the tunnelling between the equivalent sites. Consequently for small polaron the tunnelling effect is strongly extinguished resulting to the lattice distortion. Various types of small polarons can be found in LN crystals [20,21,23].

Free small electron polaron composes electrons localized at Nb site. The self-trapping of electron at the regular 𝑁𝑏 𝑁𝑏 5+ ions forms the most simple type of polaron referred as "small free polaron" 𝑁𝑏 𝑁𝑏 4+ which is also the most shallow trap in LN crystals [20,26]. Free small polarons were found only in Mg or Zn doped LN crystals above the threshold concentrations as bellow them the deeper traps 𝑁𝑏 𝐿𝑖 exist yet [27].

Bound small electron polaron or simply bound polaron forms when electron are captured at the 𝑁𝑏 𝐿𝑖 5+ antisites resulting to the locally lattice distortion. Due to the bounded electron to this site this defect is so-called bound small polaron. They can play the crucial role in photorefractive effect influencing on the photoconductivity [23]. Both free and bound small polarons are unstable at room temperature as they can be barely populated in the case of availability of enough electrons. This situation is supported by reduction treatment or by optical excitation of electrons to the valence band.

Bound bipolaron 𝑁𝑏 𝐿𝑖 4+ -𝑁𝑏 𝑁𝑏 4+ forms due to the accommodation of two electrons at the nearest neighbor couples 𝑁𝑏 𝐿𝑖 5+ -𝑁𝑏 𝑁𝑏 5+ . This polarons can be stabilized mainly by replacing the ions along the lattice mode towards each other [20,28] and can be stable at room temperature in reduced LN samples. However they are dissociated optically and thermally, particularly optical dissociation of bound bipolaron turns onto the 𝑁𝑏 𝐿𝑖 4+ and 𝑁𝑏 𝑁𝑏 4+ polarons.

All mentioned types of small polarons compose electrons increasing the Fermi level of the substance by reduction treatment or by appropriate illumination.

Small bound hole polaron forms thanks to the irradiation of the material with the high photon energy. With the excitation of electrons to the conduction band the holes can be created in the valence band. The capturing of this holes by Li vacancies leads to the formation of stable small bound hole polaron 𝑉 𝐿𝑖 -𝑂 - [29].

The absence of free or bound polarons leading to the storage of all the charge is considered in LN:Fe crystals. Due to the photon absorption by the 𝐹𝑒 2+ donor center formed small polaron realize a certain number of jump on 𝑁𝑏 𝑁𝑏 or 𝑁𝑏 𝐿𝑖 sites. This hop occurs until the polaron is captured at the deep 𝐹𝑒 3+ acceptor center consequently determine the final distance of the movement of the polaron.

Historically, three different models have been proposed to explain the defect structure of LN crystals: the oxygen vacancy model [30] and the cation substitution models: corresponding to the niobium vacancy [31] and to lithium vacancy [32] models. The oxygen vacancy model have been proposed by Fay et al. assuming the charge neutrality via oxygen vacancies consequently resulting the decrease of the density of the crystal and the lattice parameters. The LN crystal structure is given by:

[𝐿𝑖 1-2𝑥  2𝑥 ][𝑁𝑏][𝑂 3-𝑥  𝑥 ] (2) 
,

where  denotes the vacancies. Unfortunately, this model was not able to explain the dependence of the density on the crystal composition. For Lerner et. al [31] the increase of the density of the non stoichiometric phase with the decrease of the stoichiometry could not be interpreted by oxygen model and Li vacancy model was suggested and recently supported by Iyi et al. [33]. Due to the close ionic radius of Li and Nb ions the relative 𝐿𝑖 2 𝑂 deficiency in crystal leads to the incorporation of Nb ions onto Li site referred to as Nb antisites [34].

According to the proposed Li-vacancy model by Lerner et al. [31] for the charge neutrality caused by the difference valence of Nb ions in Li site the Li deficiency is accompanied by the formation of Li-vacancies in Li site. Every Nb antisite creates four Li vacancies (𝑉 𝐿𝑖 ), thus, the theoretical chemical composition equation corresponding to Li site vacancy model can be expressed as:

[𝐿𝑖 1-5𝑥 𝑁𝑏 𝑥  4𝑥 ][𝑁𝑏]𝑂 3 (3). 
Later, Abrahams and Marsh [32] X-ray diffraction experiments for crystals with congruent and near-stoichiometric composition proposed the niobium vacancy model where the vacancies are located at Nb site. The composition equation for niobium vacancy model can be given as:

[𝐿𝑖 1-5𝑥 𝑁𝑏 5𝑥  4𝑥 ][𝑁𝑏 1-4𝑥  4𝑥 ]𝑂 3 (4).

According to the later investigation realized the Donnenberg et al. [33,35] the compensation of NbLi antisites by Li vacancies is energetically feasible thus, nowadays lithium vacancy model is more valid for defect reconstructions in LN crystal. Taking into account this fact we computed the amount of intrinsic defects (Nb antisites and Li vacancies) for our under study Fe doped LN samples by using the proposed Li-vacancy model by Lerner et al. Eq. 3 [31].

According to the calculation of some structural characteristics given in Table 2 the amount of intrinsic defects (Nb antisites and Li vacancies) reduces with the increase of Li content in LN crystals. Extrinsic defects: To control the defect content LN crystals are usually doped either by transition metals (Fe, Cu, Cr, Mn, Ni) or by rare earth elements (Er, Nd, Yn) or by non photorefractive ions (Mg, Zn, Hf, Sn, In, Zr) forming so-called extrinsic defects. In doped crystals the resulted charge compensation leads to the satellite centers depending on the relative location of the impurity ions. Dopant ions depending on the concentration and valence state usually occupy either Li site or Nb site or both Li and Nb sites [36]. Whereas the main part of dopant ions are populated on the Li site independent of charge although the ionic radius of 𝑁𝑏 5+ and 𝐿𝑖 + are similar [37]. The charge compensation is not necessary for monovalent 𝑀𝑒 𝑣 + ions. For divalent impurity ions 𝑀𝑒 2+ the charge excess can be compensated by additional 𝑂 2-. However, the increase of Li content is preferable in the LN crystals doped with divalent ions than the increase of amount 𝑂 2-due to the larger ionic radius compared to the sizes of the octahedral and tetrahedral vacancies. Trivalent cations 𝑀𝑒 𝑣 3+ incorporating onto Li site in the structural vacancy are compensated both 𝑉 𝐿𝑖 (𝑀𝑒 3+ -3𝑉 𝐿𝑖 ), 𝑉 𝑁𝑏 (5𝑀𝑒 3+ -3𝑉 𝑁𝑏 ) or by interstitial oxygen ions (2𝑀𝑒 3+ -3𝑂 2 ) nevertheless not by 𝑁𝑏 𝐿𝑖 antisites and oxygen vacancies.

Chapter 1.

Samples for research

Chapter 1. Samples for research § 1.1. Growth of crystals

We remember that the LN crystals understudied in this work are iron doped ones with different crystal composition, zirconium and indium doped congruent composition crystals.

These crystals were grown by modified Czochralski grown technique [1] with the use of "Donetsk type growth set-up in air atmosphere in a platinum crucible with dimensions of 50mm×3mm×50mm. As a heating module a rf (radio frequency) furnace was utilized order to decrease the vertical temperature gradient in the growth system and after-heater consisting of a cylindrical platinum tube with dimensions of 50𝑚𝑚 × 1𝑚𝑚 × 100𝑚𝑚 was placed above the crucible. After the growth process the crystal was pulled into the after-heater where, at a given rate, the temperature was decreased till the room temperature. All crystals were pulled along the 𝑐 axis. The pulling rate and the rotation speed were 1mm/hour and 20 rpm respectively. The scheme of the furnace of the Czochralski grown method is given in Figure 1.1.

Except for the series of congruent LN:Fe samples with different iron concentration described in Chapter 4, in order to obtain the single domain crystal directly during the grown process as well as to get a homogenous distribution of the impurity ions along the grown axis an external DC electric current with 12 A/m 2 density was applied to the crystal-melt system during the grown process These crystals were grown in the Institute for Physical Researches of the National Academy of Sciences Armenia.

Iron doped congruent composition crystals with different concentration of iron ions were grown in the University of Padua in the group of Prof. Marco Bazzan and kindly provided for the investigation. The samples were grown by Czochralski technique pulling up the seed with the speed about of 2 mm/h. Initial mixture consists of commercial congruent 𝐿𝑖𝑁𝑏𝑂 3 (Sigma Aldrich 99.999) and 𝐹𝑒 2 𝑂 3 powders with the varied Fe concentrations: 0.1 mol%, 0.05 mol%, 0.02 mol% (see the Table 1.2.1). In order to grow the crystal with the homogeneous and planar solid-liquid interphase, the seed has been rotated around its axis with the constant value of speed between 30 and 5 rotate per minute [2]. As-grown samples contain not uniformly polarized domain thus, the poling treatment after the growth process has been utilized to overcome this problem. An electric current equal to some tenths of mA has been applied to the crystal boule along the 𝑐 axis with the help of platinum wire connection heating the boules 50 ̊ C above Curie temperature ( 𝑇 𝐶 = 1150 ℃ ÷ 1210℃ for the crystal composition varied from the congruent to stoichiometric). After the polling process taking around an hour the current was switched off and the crystal cooled down to the room temperature.

Figure 1.1: The scheme of the growth scheme for the Czochralski growth. compounds also for below discussed LN:Zr and LN:In samples), were used as the starting materials for sintering of the lithium niobate charges of various composition, through solid state reaction. The appropriate content of iron ions was added to the initial charges of LN in the form of 𝐹𝑒 2 𝑂 3 oxide (Merck) and thoroughly mixed. During the growth process, the composition of the produced off-congruent crystals can be varied along the growth direction therefore the samples for investigations were cut at the same height in their respective grown boules. Besides, it should be noted that that the composition of the off-congruent samples will not be the same that of the melt and needs to be measured or estimated. The corresponding compositional characterization is discussed in Chapter 2. In the considered composition range and iron concentration in the melt, the distribution coefficient of the last is assumed to be equal to 0.9 [3] resulting to an iron concentration to be equal to 0.11mol% in crystal.

In the second group two series of congruent LN samples have been doped with zirconium and indium ions, respectively as photorefractive resistant ions. The 𝑍𝑟𝑂 2 compound with the 0.625 mol%, 0.75 mol%, 0.875 mol%, 1.00 mol%, 1.25 mol%, 1.50 mol%, 2.00 mol%, 2.50 mol% contents was added into the melt. As the distribution coefficient of 𝑍𝑟𝑂 2 is close to one thus, the concentration of Zr is accepted to be the same in the melt and the crystal.

In the second series of samples, the concentration of indium oxide 𝐼𝑛 2 𝑂 3 in the melt was equal to 0.12at %, 0.25at%, 0.5at %, 1.7at % which corresponds to the content of the last in the crystal respectively to 0.24 at %, 0.5 at %, 0.9 at %, 2.1 at % [4]. § 1.

Preparation of samples

The handling of the grown crystals includes the orientation and cut of the boule along the selected crystallographic 𝑐 axis. The grown boules after cutting the shoulder and the bottom were glued to a special goniometric sample holder and oriented taking into account the boule morphology and the seed axis. The grown crystals were obtained by cutting the shoulder and the bottom of the boule. In order to obtain the miscut angle between the cut surface and the chosen crystallographic axis a small piece of the boule was cut and analyzed by 𝑋 -Ray diffractometer. The crystal axis orientation was performed with the aid of Laue method. This required results was used to control the crystal orientation on the cutting machine.

The final preparation stage is the surface lapping and polishing at optical grade. Due to the lapping some part of material was removed to obtain a smooth unpolished surface. In order to produce a scratch-free specular surface the polishing was performed with a diamond particles resulting to a flat surface with roughness in the nanometer range. Finally the optical polishing provides the rectangular samples on all the surfaces illustrating an optical facets perpendicular to the crystallographic axis. The dimensions of prepared samples are given in Table 1.2.1. The results on structural investigation of undetermined composition lithium niobate (LN) with the help of X-Ray diffraction (XRD) has been reported for the first time in [1,2]. Belonging to the rhombohedral lattice system with the space group 𝑅3𝑐 was confirmed investigating the positional atomic coordinates of single LN crystals at 24 ̊ C temperature [1]. The stability of atomic arrangement in a temperature range from 24 ̊ C to 1200 ̊ C and the change of ferroelectric phase 𝑅3𝑐 to paraelectric phase R3 ̅ c at Curie temperature (TC≈1210 ̊ C) have been demonstrated realizing polycrystal X-ray diffraction between 24 ̊ C and Curie temperature [2].

Later applied explorations of the lattice structure by X-ray and neutron diffraction of single crystals or powder emphasized the decrease of the lattice parameters 𝑎 and 𝑐 with the increase of stoichiometry [3][4][5][6][7]. Abrahams and Marsh analyzing the single crystals with the well investigated congruent and stoichiometric compositions by single XRD proposed the Nb-site vacancy model [3]. In contrast to this model Iyi et al. [4] applying X-Ray single crystal and powder neutron diffraction methods for single crystals arranging from highly nonstoichiometric (𝐶 𝐿𝑖 = 47𝑚𝑜𝑙 %) to near stoichiometric (𝐶 𝐿𝑖 = 49.8 𝑚𝑜𝑙 %) supported more recognized Li-site vacancy model suggested by Lerner [8]. In 2006, Abdi et al. [9] proposed a model to describe the structure of intrinsic defects in nominally pure 𝐿𝑖𝑁𝑏𝑂 3 based upon the coexistence of both Nb and Li vacancies in non-congruent crystals, and predicts an intermediate crystal composition for which the amount of one kind of vacancies (Li or Nb) vanishes. They show that the Li vacancies are dominant in the defect structure of noncongruent crystals. Recently, the results of performed measurements for congruent LN samples by using powder XRD [5], X-Ray and powder neutron diffractions [6] can be explained completely by Li-site vacancy model.

Recently it was also shown the dependence of lattice parameters on the introduction of dopant ions [7,10]. doped by different concentrations of Mg [7]. Lattice parameters illustrate the decrease with the increase of content of potassium whereas they increase with the increase of Mg concentration. This behavior was confirmed by Abdi et al. in Ref [11]. The introduction of iron ions in the samples grown from congruent melt containing potassium increases the lattice constants comparing to the results obtained for samples with the same content of 𝐾 2 𝑂 (11 mol% in the melt) but without co-doping with Fe .

Theory X-Rays detected by Wilhelm Rontgen in 1895 [12] are electromagnetic radiations with (𝜆 = 0.01 -100Å = 10 -10 -10 -6 𝑐𝑚) relatively short wavelength lying between ultraviolet light and Gamma rays in the electromagnetic spectrum [13]. Electric field of X-Rays is expressed as [14]:

𝑬(𝒓, 𝑡) = 𝜺 ̂𝑬0 𝑒 𝑖(𝒌•𝒓-𝜔𝑡) (2.1.1),
where 𝜺 ̂-is the unit vector describing the polarization of the electric field, 𝒌-is wave vector along propagation direction, 𝑬 0 𝑒 𝑖(𝒌•𝒓-𝜔𝑡) -the amplitude of electric field, when wave propagates along 𝑐 axis. As X-rays are transverse electromagnetic waves, so:

𝜺 ̂• 𝒌 = 0 and 𝒌 • 𝑬 = 𝒌 • 𝑯 = 0 (2.1.2).
Here 𝑯-is the magnetic field.

The interaction of X-rays and the matter containing many molecules or atoms, generates the following options:

 Reflection  Scattering  Absorption  Refraction  Transmittion
Basically there are two types of scattering:

 Coherent scattering-Thomson diffusion (elastic) ℎ𝜗 = 𝐸 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 .  Incoherent scattering-Compton diffusion (inelastic) ℎ𝜗 > 𝐸 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 .
Classically, the scattered phonons prereserve the wavelength of the incident wave.

Thomson scattering length or classical radius of electron is given as:

𝑟 0 = ( 𝑒 2 4𝜋𝜀 0 𝑚𝑐 2 ) = 2.85 • 10 -5 Å (2.1.3).
Thomson length is the distance from the point charge e, where the Coulonb energy is

𝑒 2 4𝜋𝜀 0 𝑟
, 𝑚𝑐 2 -is the dimensionally energy.

In quantum-mechanics the scattered photon obtains a lower energy comparing to the incident beam. The energy decreases due to the protection of momentum and energy during the collision with the atom or molecule. The scattering amplitude is expressed as:

𝐹 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 (𝑸) = ∑ 𝑓 𝑗 (𝑸)𝑒 𝑖𝑸𝒓 𝒋 ⏞ 𝑈𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 ∑ 𝑒 𝑖𝑸𝑹 𝒏 ⏞ 𝐿𝑎𝑡𝑡𝑖𝑐𝑒 𝑠𝑢𝑚 𝑛 𝑗 (2.1.4), 𝑹 𝒏 = 𝑛 1 𝒂 1 + 𝑛 2 𝒂 2 + 𝑛 3 𝒂 3 (2.1.5).
𝑹 𝒏 -are lattice vectors defining the lattice, 𝒓 𝒋 -is the position of atoms attitude toward any particular lattice site, 𝒂 1 , 𝒂 2 , 𝒂 3 are basis vectors of the lattice, 𝑛 1 , 𝑛 2 , 𝑛 3 are integers. The position of atom is given by 𝑹 𝒏 + 𝒓 𝒋 . The Compton scattering length is defined by:

𝜆 𝐶 = ℏ 𝑚𝑐 = 3.86 • 10 -3 Å (2.1.6).
The relationship is constant between Thomson scattering length and Compton scattering length:

𝛼 = 𝑟 0 𝜆 𝐶 ≈ 1 137 (2.1.7).
During the coherent scattering, the intensity of the scattering results of the sum of different processes: scattering by electron and by an atom [15,16]. The electrons in each atom interact with the oscillating electric field of the X-ray with the same phase scattering coherent light described by Thompson equation:

𝐼 = 𝐼 0 𝑟 2 [ 𝑒 2 𝑚 𝑒 𝑐 2 ] 2 1+𝑐𝑜𝑠 2 (2𝜃) 2 (2.1.8),
where 𝐼 0 is the intensity of the incident beam, r is the interval between the detector and the scattering electron, 𝑒-electron charge, me-mass of electron, c is the light speed. Scattering by an atom is the sum of the scattering of the electron "cloud" and the strength of the scattered ---beam is proportional to the number of electrons around the nucleus. Thus, each atom can be considered as a coherent point scatterer. X-rays are partially scattered by atoms striking the surface of a crystal as they consist of planes of atoms spacing a distance apart and the remained part of the X-ray which is not scattered simply passes through the next layer of atoms, where again part of the X-ray is scattered. By this way the other non-scattered part passes through to the next layer. As X-rays have a wavelengths on the order similar to the interatomic distances in crystalline solids thus the elastic scattering results to the coherent constructive interference (when two beams so-called "in phase" keep a phase difference of 𝑛l is equivalent to 2𝑑 𝑠𝑖𝑛𝜃, where (𝑛 Î ℤ)) at specific angles diffused from each atom of the periodic structure of the matter and creating consequently X-ray diffraction. The diffraction angle of x-rays depends on the spacing between the adjacent layers of atoms or ions. X-rays "in phase" collide the adjacent layers and result to the production of the constructive interference of waves on a detector plate describing by Bragg's law which is the general relationship between the wavelength 𝜆 of the The reflected beams combining form a diffraction beam with the equal phase difference to a whole number of wavelength is defined:

𝑛𝜆 = 2𝑑 sin 𝜃.
(2.1.9)

Scattering of X-rays by crystallographic planes

We need to consider how X-rays are diffracted by parallel crystallographic planes incident X-rays --.}., diffracted X-rays The expression 2.1.9 has been observed by Bragg in 1912 illustrating that the diffraction pattern is due to the reflection of the incident beam from lattice planes. Bragg`s law gives a possibility to determine the spacing between the atomic planes and to investigate the crystalline structure of material as well. From atoms, electrons and planes scattering X-rays caused an overall diffraction pattern contain the information about the atomic arrangement within the crystal.
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X-rays are generated by bombarding a metal target (in our case Cu) with a beam of electrons emitted from a hot filament (tungsten) [14]. The incident beam will ionize electrons from the 𝐾-shell (1s) of the target atom and X-rays are emitted as the resultant vacancies are filled by electrons dropping down from the 𝐿 (2𝑃) or 𝑀 (3𝑃) levels (Figure 2.1.2). This gives rise to K𝛼 and K𝛽 lines. Electrons are slowed down and loose energy forming the X-rays [13,15]. The probability of filling an electron from 𝐿 to 𝐾 is more than 𝑀 to 𝐾 resulting to the higher intensity of 𝐾 𝛼 than 𝐾 𝛽 . As X-ray powder diffraction experiments need monochromatic radiation thus the filters usually to keep only 𝐾 𝛼 lines. For Cu X-ray source with 𝐾 𝛼 line, the wavelength is equal to 1,5418 Å [18]. The frequency is associated with the difference between the atomic energy levels of the target atoms. 

. Experimental Technique

Powder X-ray diffraction (PXRD) [17] is one of the most potential characterization tools to identify the phases in powder specimens, phase composition, the crystal structure, unit cell parameters and the crystalline space group as well. PXRD illustrates the numerous advantages like non-destructive nature, high sensitivity, reliability, depth profiling (glancing incident angle), easy sample preparation, operational procedure (effective resolution, easy data interpretation) that could be used for both qualitative and quantitative analysis, in wide range of applications. In order to perform the powder X-ray diffraction, the sample must be crystalline and the spacing between the atom layers must be close to the radiation wavelength.

Systematic study including the influences of intrinsic defects and the introduction of Fe iron was not performed, thus the main intention of our investigation by means of X-ray powder diffraction is to reveal the dependence of lattice parameters on this two factors.

The powder samples from above mentioned LN:Fe1-1÷LN:Fe1-3 samples have been used for X-ray diffraction analysis (See Chapter 1). The sample preparation is one of the important requirements in the analysis of the powder specimen. As the X-ray absorption may reduce the intensity of peaks with angle thus, in Bragg-Brentano geometry a smooth flat surface of "infinitely" thick sample, having the randomly oriented grains/crystallites with the lesser size than 10 microns, is the basic contribution for the diffraction. Due to the variation of the experimental angle the X-rays interacting with the grains detect all possible interatomic planes. By this way the possible diffracted peaks from powder are recorded by the detector to estimate the relative intensities. In order to achieve a good signal-to noise ratio (to avoid a fluctuation in intensity) and to minimize the preferred orientation the powder samples were extremely fine grained. The specimen preparation involves a number of steps such as grinding, dilution, drying, mounting as a sample should contain a large number of tiny crystals (or grains) randomly oriented in three dimensional space. The amorphous material (glass) has been used as the sample holder, in order not to have a periodic array with long-range order, so not to produce any significant peak in diffraction pattern. Cu K𝛼, 𝜆=0.1540598 nm X-Ray tube

Parabolic mirror

Diffractometer contains the following parts: X-ray tube with Cu K𝛼 radiation with wavelength 𝜆=0.1540598 nm, incident-beam optics (DS-divergence slit, SS-soller slit, RS-receiving slit, "parallel-beam optics"), the sample holder (located between the X-ray source and the detector), and detector operating in the base of ionization of the atoms of argon gas irradiated by an Xray beam (to count the number of X-rays scattered by the sample).

X-rays are produced in the vacuum tube where 40 𝑘𝑉 voltage is applied between the filament cathode and anode target metal [13]. The used metal is copper, which can be kept cool easily, due to its high thermal conductivity. X-rays are generally filtered to a single wavelength (made monochromatic) and collimated to a single direction before collision to the crystal. The filtering simplifies not only the data analysis, but also removes undesirable radiation which degrades the crystal without contributing useful information. Most of the kinetic energy (about 98%) is converted into heat, so the target metal must be cooled externally. The operating value of 𝑈 = 40𝑘𝑉 voltage and 𝐼 = 40𝑚𝐴 current of X-ray tube is typically selected to optimize the emission of characteristic radiation, as it is a source of monochromatic radiation. When the electrons strike the target cupper metal, X-rays are given off producing strong 𝐾 𝛼 line.

In Bragg-Brentano (𝜃 -2𝜃) geometry the X-ray source is fixed and the sample rotates around the own goniometric axis at a speed 𝜔. Interactions between the incident X-ray beam and the sample produce intense reflected X-rays by constructive interference when conditions satisfy Bragg's Law. The gas-filled detector scans at a speed 2𝜔 around the sample along a circle in order to collect all X-ray beams scattered (diffracted) by lattice planes at 2𝜃 angles and records the intensities of beam peaks diffracted at 𝜃 angle [16,17]. The schematic drawing of the principle of the Bragg-Brentano geometrical arrangement of X-ray source, specimen and detector is given in Figure 2.1.1.4.

The collimation of the incident and diffracted beams are realized with the help of optics for incident and diffracted beams [17]. As X-rays produced in tube are divergent, containing the multiple characteristic wavelengths, thus neither of these conditions suit an ability to use X rays for analysis. According to the divergence the sample does not diffract a single wavelength of radiation, but rather several wavelengths of radiation with the illumination by photons with a range of incident angles. Consequently, a single set of crystallographic planes will produce the several diffraction peaks instead of one diffraction peak. Thus the functions of applied optics are: to limit the divergence of the X-ray beam, to refocus X rays into parallel paths, to remove the unwanted wavelengths.

The divergence slits is applied to control the size of the incident angle. Soller slit is a series of closely spaced parallel plates which are parallel to the difractometer circle. SS is designed to limit the "axial divergence" of the beam. The receiving slit is replaced on the diffractometer circle.

To refocuse X-rays into parallel paths are used: "parallel-beam optics", parabolic mirrors and lenses. As well as monochromators, 𝐾 𝛽 filters are used to remove unwanted wavelength of Xrays.

Monochromators mounting between the tube and sample (incident-beam) or between the sample and detector (diffracted-beam) delete the unwanted wavelengths of radiation from the incident or diffracted X-ray beam eliminating 99% of 𝐾 𝛽 . Diffraction from a monochromator crystal can be used to select one wavelength of radiation and provide energy discrimination.

A diffracted-beam monochromator will provide the best signal-to-noise ratio, but data collection will take a longer time. Parallel plate collimator like the Soller slits blocks the divergent X-rays, but do not restrict the beam size like a divergent slit. X-ray diffraction data analysis requires the separation of the sample signal from the background and noise. Thus, to improve the signal/noise ratio the measurements have been done for long time increasing the counting time. In order to analyze the X-ray spectrum to obtain lattice parameters a and c the peak positions were observed comparing the experimental diffractograms with the calculated spectrum from the ICSD "Inorganic Crystal Structure

Database" with the help of Maud (Materials Analysis Using Diffraction) computer program produced by Luca Lutterotti written in Java resulting to the automatic determination of lattice parameters together with the instrumental parameters [20]. The calculated diffraction pattern of pure LN crystal with detailed crystal structure data serves as a reference in database. The automatic procedure Maud needs to input the spectrum obtained by the detector and to select the calculated model from the database as a reference. Then both experimental and reference spectra have been compared resulting to the automatic determination of lattice parameters together with the instrumental parameters. In the diffractograms all expected reflections should be exist, otherwise it is not a valid match. The variation of lattice constants has a similar behavior compared to results obtained for nominally pure LN crystals [3,4,7,8]. This change demonstrates the dependence on the difference of the intrinsic defects concentration as it decreases with the increase of lithium content. Both lattice constants decrease with the increase of crystal stoichiometry underlining the smaller concentration of intrinsic (non stoichiometric) defects in the crystals with the compositions varying from congruent to near stoichiometry. In addition a slight decrease of lattice parameters is noticed in Fe:LN crystals compared to the pure LN crystals with the same composition. One can assume that the main part of Fe ions occupies Li sites [21,22] which were captured by 𝑁𝑏 5+ cations. In any case this change is negligible with the comparison to the change coming from the change of intrinsic defects in the crystal due to the small amount of iron ions. Thus, the decrease of both lattice parameters 𝑎 and 𝑐 is caused by the decrease of intrinsic defects due to the change of initial composition of the melt. -Abrahams and Marsh [3], -Malovichko et al. [7], -Iyi et al [4]. Lattice 𝑐 parameter: -our results [19],
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-Lerner et al. [8], -Abrahams and Marsh [3], -Malovichko et al. [7],

-Iyi et al [4].

According to the PIXE-channeling, EPR experimental results [21,22] the main part of Fe ions occupies Li site captured by 𝑁𝑏 5+ cations. In any case the decrease of lattice parameters caused by the introduction of Fe ions is negligible due to the small amount of iron ions comparing to the change coming from the change of intrinsic defects in the crystal. Thus, one can assume that the decrease of both lattice parameters 𝑎 and 𝑐 is related to the decrease of intrinsic defects due to the change of initial composition of the melt.
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Literature review

The light inelastic scattering phenomenon first has been detected by Smekal [23]. This phenomenon is popular as Raman spectroscopy since it was experimentally investigated by the Indian physicist Sir Chandrasekhara Venkata Raman and Kariamanikkam Srinivasa Krishnan [24].

First time Raman scattering from LN crystals was explored by discussion only transverse three 𝐴 1 (𝑇𝑂), seven 𝐸(𝑇𝑂) and longitudinal one 𝐸(𝐿𝑂) phonons [25]. Later electro-optic coefficients were measured by analyzing the contributions of four 𝐴 1 (𝑇𝑂)and nine 𝐸(𝑇𝑂)

modes [26]. Recently, the frequencies were calculated for four 𝐴 1 (𝑇𝑂), five 𝐴 2 (𝑇𝑂)and nine 𝐸(𝑇𝑂) which were estimated experimentally [27].

The photorefractive effect influence on the Raman spectrum of the LN crystals especially doped with photorefractive-enhancing impurities via the generated space charge field. Raman experiments were performed with an excitation laser line of a 𝐾𝑟 + laser beam at λ=647.1 nm.

The decrease of the intensity of 𝐴 1 (𝑇𝑂) and 𝐸(𝑇𝑂) Raman modes correspondingly at 632 𝑐𝑚 -1 and 578 𝑐𝑚 -1 frequency ranges in 𝑌(𝑍𝑍)𝑋 and 𝑌(𝑋𝑍)𝑋 configurations were recorded due to the defocusing of the. laser line inside the LN crystals doped by iron ions [28].

The scattering laser intensity is higher in the center and the probability of the capturing of photon excited electrons by 𝐹𝑒 3+ ions is smaller, thus those electrons staying in the conduction band going away from the focus of laser beam. This phenomenon built up the strong space charge field generating the modulation of refractive index. Consequently the divergence of laser beam photons rises from the optical axis decreasing the intensity of Raman phonons.

The appearance of 𝐴 1 * (𝑇𝑂) forbidden mode was noted above 50𝑊/𝑐𝑚 2 of 633 nm wavelength of He-Ne laser beam at about 150 𝑐𝑚 -1 in the 𝑌(𝑋𝑍)𝑌 configuration for LN:Fe crystals (0.05 wt%) [29]. The interpretation of the activation of forbidden mode depending on the laser beam intensities is based on the photovoltaic effect, which increases due to the carriers. The lightinduced photovoltaic effect originates space charge field which varies the refractive index through electro-optic effect in his turn. Since the space charge field is created along the 𝑐 axis, consequently the generated nonlinear polarization along 𝑐 axis creates the additional 𝑍𝑍 components in Raman tensor bringing up the activation of 𝐴 1 * (𝑇𝑂) forbidden line.

The effect of photoinduced space charge field on the frequency shift of 𝐴 1 (𝑇𝑂 4 ) Raman phonon was estimated for iron doped LN crystals by using 632.8 nm He-Ne laser beam [30].

0.03 mol%, 0.05 mol%, 0.1 mol% Fe doped LN crystals were used for Raman Backscattering spectroscopy in the 𝑋(𝑍𝑍)𝑋 configuration and for Raman Forward investigations in the 𝑋(𝑌𝑍)𝑋 configuration, respectively. The value of space charge field is one order of magnitude higher in the case of forward measurements comparing to the results obtained by backscattering spectroscopy as space charge field depends on the absorption coefficient. The photoinduced space charge field induces the refractive index variation via the electro-optic Pockels effect as well as the strain via the piezo-electric effect. Since Raman spectroscopy is sensitive to the crystal piezo-electric strain originated by space charge field, Raman modes exhibit the frequency shift. The space charge field consequently the Raman frequency shift illustrates the dependence of concentration of 𝐹𝑒 3+ ions which was controlled by reduced and oxidized treatments [31].

Nowadays the Raman scattering spectroscopy is considered as a powerful technique for the determination of composition and the structure of crystals [32,33]. The broadening of Raman spectrums was recorded when the concentration of lithium decreases [34,35]. The Raman lines become more intense and better resolved, frequency damping decreases with the change of crystal composition from sub-congruent to stoichiometric [14]. 𝐸(𝑇𝑂 2 ) and 𝐸(𝑇𝑂 9 ) modes appear for stoichiometric crystals instead of wide bands in congruent crystals, which are connected to the activation of phonon by the intrinsic defects. Mainly Li/Nb concentration ratio of LN crystal is estimated by analyzing the full width at half maximum (FWHM) of 𝐴 1 (𝑇𝑂 1 ) and 𝐸(𝑇𝑂 1 ) phonons which are attributed to Nb/O vibration along 𝑧 axis (considered that oxygen sites are completely occupied and fully) [35][36][37][38][39] The Raman spectrum parameters as a function of temperature was investigated at the large temperature range [34,35,37]. The Raman lines expanded with the increase of temperature from the room temperature up to about Courier temperature (297K-1224K) [34]. FWHM decreased with the decrease of temperature down to T=70K. Below this temperature it stays stable [37].

Theory

During the interaction between the laser beam and the material, the electron orbits are oscillated periodically with the same frequency of the electric field of the incident electromagnetic wave. The perturbation of electron cloud leads to a periodic charge separation referred as a generated dipole moment. Thus, the oscillation generating the dipole moment induces the light scattering. The strength of the dipole moment is expressed as [40]:

𝑷 = 𝛼𝑬 ̅ (2.2.1),
where 𝛼-is the polarizability and is the function of instantaneous position of molecules, 𝑬 ̅ -is the incident electric field and gives by:

𝑬 ̅ = 𝑬 𝟎 𝑐𝑜𝑠(𝜔𝑡) (2.2.2),
𝜔-is the frequency of the incident beam.

The vibrational energy of the specific mode characterizing the oscillation of atoms is expressed as:

𝐸 𝑣 = (𝑗 + 1 2 
)ℏ𝜔 𝑣 (2.2.3), 𝑗 = 0,1,2 …-is the vibrational quantum number, 𝜔 𝑣 -is the vibrational frequency of the molecule, ℏ-is the Planck constant.

The displacement 𝑑𝑄 of atoms from the equilibrium position is given by:

𝑑𝑄 = 𝑄 0 cos(𝜔 𝑣𝑖𝑏 𝑡) (2.2.4),
where 𝑄 0 is the maximum displacement from the equilibrium position.

In the case of small displacements the polarizability can be expressed by a Taylor series:

𝛼 = 𝛼 0 + 𝜕𝛼 𝜕𝑄 𝑑𝑄 (2.2.5),
𝛼 0 -is the polarizability of the phonon at equilibrium position.

The induced dipole moment can be expressed as: --

𝑷 =
According to this equation the dipole moment can be generated at three frequencies: 𝜔 0 -Mie or Rayleigh and 𝜔 0 -𝜔 𝑣 , 𝜔 0 + 𝜔 𝑣 -frequencies of inelastic (Raman) scatterings. Raman scattering is a non-linear phenomenon, when an incident photon generates or annihilates one or more particles with modulated energy [41]. The interaction of the matter and monochromatic laser beam results to elastic scattering referred as Rayleigh scattering, where the scattered beam keeps the same frequency of incident field. Only one of 10 3 or 10 4 photons illustrates the exchanged energy and frequency it is said to be inelastic or Raman scattering.

The scattering with lower frequency (𝜔 0 -𝜔 𝑣 ) than the incident electromagnetic wave is called Stockes-Raman scattering and the scattered beam with higher frequency (𝜔 0 + 𝜔 𝑣 )-is

referred as Anti-Stockes scattering (Figure (2.2.1).
The intensity of Raman phonon may be expressed as:

𝐼 ∝ (𝑛(𝜔) + 1) |𝑒 𝑖 𝜕𝛼 𝜕𝑄 𝑒 𝑠 | 2 𝑓(𝜔)𝐼 0 (2.2.7),
𝑒 𝑖 -is the polarized vector of incident beam, whereas 𝑒 𝑠 -is the polarized vector of scattered beam, 𝐼 0 -is the intensity of incident beam taking into account the experimental parameters.

𝑛(𝜔)-is the thermal population of Anti-Stockes scattering determined by Bose-Einstein factor, when 𝑛(𝜔) + 1-is the population factor of Stockes scattering:

𝑛(𝜔) = 1 exp ( ℏ𝜔 𝑘 𝐵 𝑇 -1) (2.2.8).
Here 𝑘 𝐵 -is the constant of Boltzman, ℏ-is the Planck constant. ,.

𝑓(𝜔) function related to the Raman bands may be expressed as:

𝑓(𝜔) = 𝑆𝜔 0 2 𝛾𝜔 (𝜔 0 2 -𝜔 2 ) 2 +𝜔 2 𝛾 2
(2.2.9).

The angular phonon frequency of the incident phonon 𝜔 0 , phonon damping 𝛾 defined by the full width at half maximum (FWHM) of Raman mode and the oscillator strength S are phonon characteristics detected by the fitting process. The oscillator strength 𝑆 estimated by the peak intensity of Raman lines. A larger frequency 𝜔 0 is associated with a stringer chemical bond thus it is sensitive to the variation of local stress or strain [35]. The higher linewidth is related to the incorporation of impurity or dopant ions, inhomogeneity, domains, crystal imperfection, structural damages. Especially the frequency shift of 𝐴 1 (𝑇𝑂 4 ) phonon is concerned with the internal space charge field caused by photorefractive effect through the piezo effect [30]. The intensity corresponds to the polarizability of ions [42].

The Rayleigh beam has the thousandth of the incident beam intensity, whereas the Raman phonon obtains a millionth of intensity of the incident wave. The 𝑋, 𝑌, 𝑍 letters denote the direction of ionic vibration thus, the phonon polarization. The non-zero components are related to the 𝑥, 𝑦, 𝑧 coordinate system. Expected optical phonons of lithium niobate crystals due to the selected rules are given in Table 2.2.1 [43].

Table 2.2.1: Expected optical phonons of lithium niobate crystals due to the selected rules.

The 𝐴 1 (𝑇𝑂 1 ) and 𝐸(𝑇𝑂 1 ) Raman phonons correspond to the vibrations of Nb ions (B site)

along 𝑧 and 𝑥 (or 𝑦) directions respectively against oxygen octahedron [25] (shown in Figure 2.2.2). 𝐴 1 (𝑇𝑂 2 ) and 𝐸(𝑇𝑂 6 ) modes are attributed to the effective mass is sensitive to the out of phase motion of ions in Li (A) site and is related to the strengthening of 𝐴 -𝑂 bond [43].

𝐴 1 (𝑇𝑂 3 ) phonon is attributed to the distortions of the rotation of oxygen octahedron around 𝑐 axis, whereas 𝐴 1 (𝑇𝑂 4 ) and 𝐸(𝑇𝑂 8 ) modes correspond to the 𝑂/𝑂 oxygen octahedron stretching vibration (deformation) normal to 𝑧 axis.

Raman shift. Most commonly Raman shifts are recorded in wavenumbers expressing in the units of inverse length, particularly is (𝑐𝑚 -1 ) related directly to energy. The relation between the wavenumbers of the Raman phonon shift and the spectral wavelength can be reported as:

Configuration

Expected phonons according to selection ruls X(YY)X ̅ A1 (TO)+E(TO)

X(YZ)X ̅ E(TO) X(ZY)X ̅ E(TO) X(ZZ)X ̅ A1 (TO) Y(XX)Y ̅ A1 (TO)+E(LO) Y(XZ)Y ̅ E(TO) Y(ZX)Y ̅ E(TO) Y(ZZ)Y ̅ A1 (TO) Z(YX)Z ̅ E(TO) Z(XY)Z ̅ E(TO) Z(XX)Z ̅ A1 (LO)+E(TO) Z(YY)Z ̅ A1 (LO)+E(TO) ∆𝜔 = 1 𝜆 0 - 1 𝜆 1
(2.2.10).

Here ∆𝜔 is the Raman shift expressed in wavenumber, 𝜆 0 is the excitation wavelength when 𝜆 1 is the Raman spectrum wavelength. Taking into account this fact that the wavelength is usually reported in units of nanometers (nm) whereas wavenumbers are expressed in inverse centimeters, Equation 2.2.10 can be rewritten as:

∆𝜔(𝑐𝑚 -1 ) = ( 1 𝜆 0(𝑛𝑚) - 1 𝜆 1(𝑛𝑚) ) × 10 7 (𝑛𝑚) (𝑐𝑚)
(2.2.11).

𝑵𝒃(𝒛)𝑶(𝒛)

𝑳𝒊(𝒛)𝑶(𝒛) check the reliability of the obtained results for intrinsic defects (Table 2.2.2.1) connecting with the linewidth and frequency shift of the particular vibrational phonons. The measurements were performed by using LabRAM HR Evolution Raman Spectrometer permitting an access to the small frequencies down to 5𝑐𝑚 -1 . In this spectrometer the incident power (by means of neutral filter), cutoff filters, polarizers and analyzers, confocal diaphragm are controlled fully automatically. Three solid lasers are operated at visible wavelengths (with 532 nm, 638 nm, 785 nm wavelengths) switching by automatic control in the Raman device. The laser beam with 785 nm wavelength beam has been utilized with 200 𝑚𝑊 power at room temperature (Figure 2.2.1.1). We gave preference to the 𝐴 1 (𝑇𝑂) phonon in the 𝑌(𝑍𝑍)𝑌 backscattering configuration as it is more sensitive our under study 𝑥-cut (𝑦-cut) crystals on the other hand in the same measurements conditions 𝐴 1 (𝑇𝑂) phonon is more intense than 𝐸(𝑇𝑂 1 ) mode [37]. The Raman phonon at 521𝑐𝑚 -1 of silicon crystal was used for the spectral calibration of the spectrometer. § 2.2.2. Results and Discussion.

Taking into account the instrumental resolution equal to be 0.2 cm -1 depending on the wavelength of the laser focal length, the crystal composition error was calculated to be about of 0.03mol%. Raman spectrum of 𝐴 1 (𝑇𝑂) mode in 𝑌(𝑍𝑍)𝑌 configuration is given in Figure The full width at the half of maximum (FWHM) for 𝐴 1 (𝑇𝑂 1 ) phonon given in Figure 2.2.2.1 has been used to characterize the crystal composition by Zhang method [19,39,44]. The dependence Γ 𝐴 1 (𝑇𝑂 1 ) = 𝑓(𝑋 𝑐 ) was estimated by using the following equations [39]: Here two scenarios can be discussed. Scenario 1: The occupation of Li places by 𝐹𝑒 2+ or 𝐹𝑒 3+

Γ 𝐴 1 (𝑇𝑂
ions would decrease the force constant of 𝐴 -𝑂 bond due to the slight higher ionic radii in the case of 𝐹𝑒 2+ , or smaller ionic radius for 𝐹𝑒 3+ ions, whereas about nine times higher atomic mass of Fe compared to the values of Li [24] (see The increase of 𝐴 1 (𝑇𝑂 3 ) and 𝐴 1 (𝑇𝑂 4 ) modes is associated with the hardening of oxygen octahedron (Figure 2.2.2.3). In congruent crystals the oxygen ions are able to the motions easily around their positions due to the higher concentration of Nb and Li vacancies in their natural sites. With the increase of composition as well as due to the presence of iron ions the content of Li and Nb vacancies decreases complicating the motions of oxygen ions. § 2.3. Optical absorption
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Theory

The photons with higher energy than band gap (𝐸 𝑔 ) can be absorbed transmitting this energy to the photo-induced electrons due to the optical absorption processes. Photo-generated charge carriers move from donor centers (𝐹𝑒 2+ in our case) to the conduction band and after migration trapping in the acceptor centers (mainly 𝐹𝑒 3+ ) [46,47]. The excitation and migration in conduction band is controlled by diffusion, photo-voltaic and drift mechanism [31]. Optical absorption process may be investigated by measuring the intensity of initial beam 𝐼 0 propagated via the crystal with length L and the transmitted beam intensity 𝐼 𝑡 after he medium [48]. Since 𝐹𝑒 2+ ions compared to 𝐹𝑒 3+ centers expand the abruption band in in the visible range [47] thus, the intensity of absorption band (𝐼 𝑡 ) is proportional to the concentration of 𝐹𝑒 2+ ions. Therefore, in order to determine the 𝐹𝑒 2+ concentration, an optical absorption measurements have been performed. The relationship between the intensities of incident 𝐼 0 and transmitted beams 𝐼 𝑡 with wavelength 𝜆 is expressed as:

𝐼 𝑡 = 𝐼 0 𝛾10 -𝛼𝑑 (2.3.1.1),
where 𝑑 is the sample thickness, 𝛾(𝜆) is a function comprising the instrumental constants and the Fresnel reflection losses [49], α is an absorption coefficient depending on the wavelength of beam. This coefficient rises up for wavelengths shorter than 𝜆 𝑐 corresponding to the band gap energy (𝜆 𝑐 = ℎ𝑐 𝐸 𝑔

). The absorption coefficient is used to estimate the intensity losses due to the absorption process and light scattering. § 2.

Experimental Technique

The main parameter of optical absorption measurement is the determination of the transmittance of samples, shown as:

𝑇 𝑆 = 𝐼 𝑡 (𝜆) 𝐼 0 (𝜆) (2.3.1.1).
For optical absorption measurements Jasco V670 spectrophotometer (Figures 2. The transmittances 𝑇 1,2 of two pure, undoped congruent LN samples with a thicknesses 𝑑 1 = 0.5 mm and 𝑑 2 = 1𝑚𝑚 were also measured and used as a standard.

𝑇 1 (𝜆) = 𝛾(𝜆) • 10 -[𝛼 𝐿𝑁 (𝜆)]𝑑 1 (2.3.1.2), 𝑇 2 (𝜆) = 𝛾(𝜆) • 10 -[𝛼 𝐿𝑁 (𝜆)]𝑑 2 (2.3.1.3),
where 𝛼 𝐿𝑁 -is the intrinsic absorption of the lithium niobate. The ratio of transmittances for two pure samples can be expresses as:

𝑇 2 (𝜆) 𝑇 1 (𝜆) = 10 -[𝛼 𝐿𝑁 (𝜆)(𝑑 2 -𝑑 1 )] (2.3.1.4).
From these values the intrinsic absorption of pure LN is calculated as:

𝛼 𝐿𝑁 = -log ( 𝑇 2 (𝜆) 𝑇 1 (𝜆) ) 1 𝑑 2 -𝑑 1 (2.3.1.5).
And

log(𝛾) = 𝑙𝑜𝑔(𝑇 1 (𝜆)) + 𝛼 𝐿𝑁 𝑑 1 (2.3.1.6).
For small Fe concentration, the absorption coefficient 𝛼 is proportional to the 𝐹𝑒 2+ concentration:

𝛼(𝜆) = 𝜎(𝜆)[𝐹𝑒 2+ ] (2.3.1.7).
Where σ(𝜆) is the absorption cross section [50]. In particular, 𝜎(532𝑛𝑚) = (3.95 ± 0,08) × 10 -18 𝑐𝑚 2 [51]. However, there may be a contribution due to intrinsic LN absorption. The absorption considering only the contribution of Fe ions (𝛼 𝐹𝑒 ) can be determined by using the following equations:

𝑇 𝑠 (𝜆) 𝑇 1 (𝜆) = 10 -[(𝛼 𝐿𝑁 +𝛼 𝐹𝑒 )𝑑 𝑠 -𝛼 𝐿𝑁 𝑑 1 ] = 10 -[(𝛼 𝐿𝑁 (𝑑 2 -𝑑 1 )+𝛼 𝐹𝑒 𝑑 𝑠 ] (2.3.1.8), log ( 𝑇 𝑠 (𝜆) 𝑇 1 (𝜆) ) = -[𝛼 𝐿𝑁 (𝑑 2 -𝑑 1 ) +𝛼 𝐹𝑒 𝑑 𝑠 ] (2.3.1.9).
Thus, the absorption coefficient due only to the 𝐹𝑒 2+ ions:

𝛼 𝐹𝑒 = - 1 𝑑 𝑠 [log ( 𝑇 𝑠 (𝜆) 𝑇 1 (𝜆) ) + 𝛼 𝐿𝑁 (𝑑 𝑠 -𝑑 1 )] (2.3.2.10).
The [𝐹𝑒 2+ ] concentration was calculated from the cross section of 𝐹𝑒 2+ at 532 nm [52]:

According to the (2.3.1.7) equation:

𝐶 𝐹𝑒 2+ = 𝛼 𝐹𝑒 𝜎(532𝑛𝑚) (2.3.1.12). § 2.3.2

. Results and Discussion

The determination of concentration 𝐹𝑒 3+ was attempted by measuring the total iron based on the measurement of the absolute absorption coefficient at 342 nm [46]. Whereas at this wavelength the transmittance of Fe:LN samples is so small that, even after decreasing their thickness up to 1 mm, the absorption coefficient could not be measured. The distribution coefficient of iron being closer to one [53] thus, assuming the total iron concentration in the crystal is equal to the known value in the melt, [𝐹𝑒 3+ ] was estimated by subtracting of the amount of 𝐶 𝐹𝑒 2+ from the total 𝐶 𝐹𝑒 concentration in the crystals under study:

[𝐹𝑒 3+ ] = [𝐹𝑒] -[𝐹𝑒 2+ ] (2.3.2.1).
In the Figure 2.3.2.1 it is given the change of 𝐹𝑒 3+ ions content in the crystal depending on the composition of the last. .

Nom.

[𝑳𝒊] mol % in the melt

[𝑳𝒊] 𝒎𝒐𝒍 % In crystal [𝑭𝒆] • 𝟏𝟎 𝟐𝟓 𝒎 -𝟑 (nom.
)

[𝑭𝒆 𝟐+ ] • 𝟏𝟎 𝟐𝟓 𝒎 -𝟑 [𝑭𝒆 𝟑+ ] • 𝟏𝟎 𝟐𝟓 𝒎 -𝟑 𝑹 = [𝑭𝒆 𝟐+ ] [𝑭𝒆 𝟑+]
• 𝟏𝟎𝟎% 

!, \ \ \ 1 --•-- --~ / / r' /
From the results given in Table 2.3.2.1 is visible that LN:Fe1-2 sample illustrates the greatest value for 𝐶 𝐹𝑒 2+ , while LN:Fe1-3 being close to stoichiometry consists of the smallest concentration of 𝐹𝑒 2+ . Consequently, as the reduction degree (𝐹𝑒 2+ /𝐹𝑒 3+ ) is proportional to

[𝐹𝑒 2+ ],
repeat the same variation behavior. In all case, iron doped LN all samples, independent of the crystal composition (Li2O content) and the Fe content, are in an almost completely oxidized state as the concentration of 𝐹𝑒 3+ is one order of magnitude is higher. The reduction ratio (𝐹𝑒 2+ /𝐹𝑒 3+ ) can be modified by a reduction treatment. The effects of this treatment are more marked for samples containing more Fe. This suggests that the diffusion of electrons from the atmosphere proceeds more efficiently in samples with higher Fe concentration. § 2.4. Conclusion-Chapter 2

In LN:Fe1-1÷LN:Fe1-3 samples both lattice parameters a and c decrease with the variation of LN composition from congruent to near stoichiometry underlining the decrease of non stoichiometric intrinsic defects with the increase of 𝐿𝑖 2 𝑂 content. A slight decrease of lattice parameters of LN:Fe samples compared to the pure LN crystals with the same composition can be related to this assumption that the main part of Fe ions occupies Li sites captured by Nb 5+ cations. However, this variation referred to the presence of iron ions is negligible due to the small amount of iron ions indicating that the main contribution of the change of the lattice parameters is related to the change of initial composition of the melt.

In LN:Fe1-1÷LN:Fe1-3 crystals 𝐿𝑖 2 𝑂 content decreases comparing to the corresponding value in the melts, except the congruent sample where 𝐿𝑖 2 𝑂 content remains the same in the melt and the crystal.

In iron doped LN crystals with the increase of 𝐿𝑖 2 𝑂 content the monotonous increase of the force constant of B-O, A-O bonds parallel to the Z axis as well as the respectively rotation and deformation of oxygen octahedron perpendicular to Z axis characterized by the frequency shift of 𝐴 1 (𝑇𝑂) phonons is related to the incorporation of Fe ions onto both A and B sites occupying the places of Nb ions. Particularly, the increase of frequency shift of 𝐴 1 (𝑇𝑂 1 ) and 𝐴 1 (𝑇𝑂 2 )

phonons is referred to the occupation of Fe ions (𝐹𝑒 2+ or 𝐹𝑒 3+ ) ions in the places of 𝑁𝑏 4+

antisites in A site and 𝑁𝑏 5+ ions in their natural B site respectively. The occupation of Fe ions in A site push out Nb ions from A site to their natural site strengthening also B-O bond increasing the frequency shift of 𝐴 1 (𝑇𝑂 1 ) mode. Thanks to the higher ionic radii, smaller atomic mass and valence state than for Nb ions, the incorporation of places of Nb antisites by iron ions strengthens A-O bond increasing the frequency shift of 𝐴 1 (𝑇𝑂 2 ) phonon. With the variation of composition from congruent to near-stoichiometric the increase of 𝐿𝑖 2 𝑂 content in A site gives rise to the probability that more amount of Fe ions will occupy B site. On the other hand in congruent crystals due to the higher concentration of Nb and Li vacancies in their natural sites the oxygen ions are able to the motions easily around their positions. With the increase of 𝐿𝑖 2 𝑂 content as well as due to the introduction of Fe ions the concentration of Li and Nb vacancies decreases hardening of oxygen octahedron consequently increasing the frequency shift of 𝐴 1 (𝑇𝑂 3 ) and 𝐴 1 (𝑇𝑂 4 ) modes.

Although the fixed iron total concentration in LN:Fe1-1÷LN:Fe1-3 samples, the amount of 𝐹𝑒 2+ changes non-monotonously with the increase of Li2O content. Meanwhile, the samples independent of crystal composition and 𝐹𝑒 2+ iron ions concentration are in a completely oxidized state as 𝐹𝑒 3+ concentration one order of magnitude is higher.

Chapter 3.

Electro-optical Properties

Chapter 3. Electro-optical properties

Electro-Optic Effect

The electro-optic effect is the application of an external electric field to a medium creates the electric dipol due to the displacement of the ions in the lattice and the electron orbits from their orientations and positions [1,2]. This effect referred to us as the electro-optic (EO) effect can be represented as a variation of the optical dielectric properties of a material (commonly change of the refraction index) due to an applied electric field which results to the redistribution of the bond charges and the possibility of a slight deformation in the ion lattice (manifesting as the electric polarization 𝑷). According to the quantum theory of solids, the optical dielectric impermeability tensor depends on the charge distribution in the crystal.

Thus, the electro-optic effect is a variation of the ∆𝑩 𝑖𝑗 components of the impermeability tensor 𝑩 being proportional to an electric field:

𝑩 𝑖𝑗 = ( 1 𝜀 ) 𝑖𝑗 = ( 1 𝑛 2 ) 𝑖𝑗 (3.1).
Here 𝜀-dielectric permittivity of the crystal and 𝑛-refractive index. The directions of the polarization as well as the corresponding refractive indices (i.e. the propagation velocity) of normal modes are most easily characterized using the index ellipsoid. The index ellipsoid is assumed to be the simplest form in the principle coordinate system:

𝑥 2 𝑛 𝑥 2 + 𝑦 2 𝑛 𝑦 2 + 𝑧 2 𝑛 𝑧 2 = 1 (3.2),
where the 𝑥, 𝑦, 𝑧 directions are the principle axes. 

∆𝑩 𝑖𝑗 (𝑬) -𝑩 𝑖𝑗 (0) ≡ ∆𝑩 𝑖𝑗 = 𝑟 𝑖𝑗𝑘 𝑬 𝑘 + 𝑠 𝑖𝑗𝑘𝑙 𝑬 𝑘 𝑬 𝑙 = 𝑓 𝑖𝑗𝑘𝑙 𝑷 𝑘 + 𝑔 𝑖𝑗𝑘𝑙 𝑷 𝑘 𝑷 𝑙 (3.3),
where 𝑬 and 𝑷 are vectors describing the applied electric and the polarization fields respectively, 𝑖, 𝑗, 𝑘 are the Cartesian indices running from 1 to 3 .

The constants 𝑟 𝑖𝑗𝑘 and 𝑓 𝑖𝑗𝑘 are the linear (or Pockels) electro-optic and polarization-optic coefficients, whereas 𝑠 𝑖𝑗𝑘𝑙 and 𝑔 𝑖𝑗𝑘𝑙 are correspondingly the quadratic electro-optic and polarization-optic coefficients (or Kerr). The quadratic EO effect was discovered first in 1875 by J. Kerr, in optically isotropic media such as liquids and glasses. The Kerr quadratic EO effect in liquids is associated mostly with the alignment of the anisotropic molecules with the presence of an electric field. The linear electro-optic effect was first investigated by F. Pockels in 1893. As the dielectric tensor 𝜀 𝑖𝑗 is a symmetric tensor, thus, 𝑩 𝑖𝑗 must also be a symmetric tensor, and therefore indices 𝑖 and 𝑗 may be permuted. As it was mentioned above that the electro-optic effect is due to the redistribution of charges related to the application of a dc electric field, it may be expected that EO effect depends not only of the applied external field, but also to the interatomic electric field binding the charge particles such us electrons and ions. In general, in the most practical EO applications, the applied external electric field is smaller compared to the electric field induced inside the atoms, which is typically in order of 10 8 𝑉/𝑐𝑚. As an expected result, the quadratic effect is often neglected due to the lower value compared to the linear effect when it is present [5]. However, in crystals with centrosymmetric point groups, the linear EO effect disappears resulting to the domination of the quadratic effect. It is vice versa in EO crystal where the quadratic effect is usually neglected because of smaller value comparing to the linear effect.

As 𝑩 is a symmetric tensor, the indices 𝑖 and 𝑗 can be inverted, thus, it is conventional to introduced contracted index numbers defined as {𝑚 = 𝑖𝑗}={1=11, 2=22, 3=33, 4=23=32, 5=13=31, 6=12=21} [6]. This relationship leads to the existence of 18 independent components of 𝑟 𝑚𝑝 = 𝑟 𝑖𝑗𝑝 for the linear tensor. Taking into account the point group symmetry of the crystal the form of the EO liner tensor usually can be derived.

The refractive indices of the normal modes are defined by using index ellipsoid as:

𝑩 𝑖𝑗 𝑥 𝑖 𝑥 𝑗 = (𝑥 1 2 /𝑛 1 2 ) + (𝑥 2 2 /𝑛 2 2 ) + (𝑥 3 2 /𝑛 3 2 ) = 1 (3.4),
where 𝑥 1 , 𝑥 2 , 𝑥 3 are principal axes of the crystal without the electric field and 1/𝑛 1 2 , 1/𝑛 2 2 , 1/𝑛 3 2 are values of the impermeability tensor 𝑩. In the case of applied electric field 𝑬 𝑝 (𝑝 = 1, 2, 3), the expression of the perturbed ellipsoid can be rewritten and will have the next form:

𝑩 𝑖𝑗 (𝑬)𝑥 𝑖 𝑥 𝑗 = ( 1 𝑛 1 2 + 𝑟 1𝑝 𝑬 𝑝 ) 𝑥 1 2 + ( 1 𝑛 2 2 + 𝑟 2𝑝 𝑬 𝑝 ) 𝑥 21 2 + ( 1 𝑛 3 2 + 𝑟 3𝑝 𝑬 𝑝 ) 𝑥 3 2 + +2𝑥 2 𝑥 3 𝑟 4𝑝 𝑬 𝑝 + 2𝑥 1 𝑥 3 𝑟 5𝑝 𝑬 𝑝 + 2𝑥 1 𝑥 2 𝑟 6𝑝 𝑬 𝑝 = 1 (3.5)
New axis of the perturbed ellipsoid also can be determined from the Eq. 3.2 when their dimensions and orientations depend on the direction of the applied field and the EO coefficients 𝑟 𝑚𝑝 . As function of the non-zero elements of the EO tensor, the applied electric field can induce the two types of contributions of the perturbed index ellipsoid described by Eq. 3. 5. At first, the voltage can generate a variation of the length of the semi-axes, when exists 𝑟 𝑚𝑝 coefficient with 𝑚 = 1, 2, 3 (m=𝑖𝑖=𝑗𝑗). Thus, the components of the impermeability tensor can be presented as:

𝑩 𝑖𝑖 = 1 𝑛 𝑖 2 + 𝑟 𝑖𝑖𝑝 𝑬 𝑝 (3. 6), 𝑩 𝑗𝑗 = 1 𝑛 𝑗 2 + 𝑟 𝑗𝑗𝑝 𝑬 𝑝 (3. 7).
At second, an external electric field can generate a rotation of the principal axes when exists 𝑟 𝑚𝑝 coefficients with 𝑚 = 4, 5 or 6 (𝑚 = 𝑖≠𝑗). Thus, the crossed component of the impermeability tensor can be defined by the following expression:

𝑩 𝑖𝑗 = 𝑟 𝑖𝑗𝑝 𝑬 𝑝 (3. 8).
When the beam propagates along the 𝑥 𝑘 axis (𝑘 = 1,2 3), and is polarized in the 𝑥 𝑖 , 𝑥 𝑗 plane, where 𝑖≠𝑗 ≠ k, the solution of the Eq. 3. 5 is found to be:

𝑩 𝑖𝑖 𝑥 𝑖 2 + 𝑩 𝑗𝑗 𝑥 𝑗 2 + 2𝑩 𝑖𝑗 𝑥 𝑖 𝑥 𝑗 = 1 (3. 9).
In order to transform Eq. 3.1.9 into a diagonal form, it is worthy to choose a new coordinate system 𝑥 𝑖 ′ , 𝑥 𝑗 ′ 𝑥 𝑘 ′ with 𝑥 𝑘 = 𝑥 𝑘 ′ . Thus, to obtain this diagonal form, the transformation from 𝑥 𝑖 , 𝑥 𝑗 to 𝑥 𝑖 ′ 𝑥 𝑗 ′ have to be expressed as:

𝑥 𝑖 = 𝑥 𝑖 ′ 𝑐𝑜𝑠𝛼 𝑖𝑗 -𝑥 𝑗 ′ 𝑠𝑖𝑛𝛼 𝑖𝑗 (3.10), 𝑥 𝑗 = 𝑥 𝑖 ′ 𝑠𝑖𝑛𝛼 𝑖𝑗 + 𝑥 𝑗 ′ 𝑐𝑜𝑠𝛼 𝑖𝑗 (3. 11),
where the angle 𝛼 𝑖𝑗 is defined as:

tan (2𝛼 𝑖𝑗 ) = 2𝑩 𝑖𝑗 /(𝑩 𝑖𝑖 -𝑩 𝑗𝑗 ) (3.12).
Replacing Eqs. 3. 10 and 3.1.11 into the Eq. 3. 9 for 𝑥 𝑖 , 𝑥 𝑗 system, taking the vanish of the 𝑩 𝑖𝑗 component of the impermeability tensor into account, the diagonal form can be found:

𝑩 𝑖𝑖 ′ = (1/𝑛 𝑖 ′ ) 2 = 𝑩 𝑖𝑖 + 𝑩 𝑖𝑗 tan (𝛼 𝑖𝑗 ) (3. 13), 𝑩 𝑗𝑗 ′ = (1/𝑛 𝑗 ′ ) 2 = 𝑩 𝑗𝑗 -𝑩 𝑖𝑗 tan (𝛼 𝑖𝑗 ) (3. 14).
It is worth noting that the absolute or relative values of components 𝑩 𝑖𝑗 and 𝑩 𝑗𝑗 -𝑩 𝑖𝑗 depend on the symmetry class and the optogeometric configuration of the crystal linked to the applied field and beam propagation directions. Moreover, it is also noted that the variation of the refractive index 𝛿𝑛 via the electro-optical effect is smaller compared to the refractive index value. Thus, the differential relation can be simplified as:

𝛿𝑛 = -( 1 2 
) 𝑛 3 Thus, when the polarization of the propagated beam along 𝑥 𝑘 is at 45° of the axis 𝑥 𝑖 and 𝑥 𝑗 the beam birefringence is expressed as:

∆𝑛 = ∆𝑛 𝑖𝑗 ′ = 𝑛 𝑗 ′ -𝑛 𝑖 ′ = ∆𝑛 𝑖𝑗 -( 1 2 
) (𝑛 𝑗 3 𝑟 𝑗𝑗𝑝 -𝑛 𝑖 3 𝑟 𝑖𝑖𝑝 )𝑬 𝑝 (3.18).

In Eq. 3.18 the first term ∆𝑛 𝑖𝑗 expresses the spontaneous or natural birefringence and the second term represents the birefringence due to the electric field.

According the above mentioned the effective combined electro-optic coefficient 𝑟 is usually determined as:

𝑟 = 𝑟 𝑗𝑗𝑝 -( 𝑛 𝑖 3 𝑛 𝑗 3 )𝑟 𝑖𝑖𝑝 (3.19).
The second case exists in an uniaxial environment when 𝑩 𝑖𝑖 =𝑩 𝑗𝑗 provided by 𝛼 𝑖𝑗 = 𝜋/4, when the direction of the beam is perpendicular to the isotropic plane of the unperturbed index ellipsoid defined by 𝑛 𝑗 = 𝑛 0 , where 𝑛 0 is the ordinary refractive index. For this configuration the new values of the refractive indices according to the Eqs. 3.6 and 3.7 equations can be obtained by using the differential expression 3.1.15:

𝑛 𝑖 ′ , 𝑛 𝑗 ′ = 𝑛 𝑖𝑗 ± (1/2)𝑛 𝑖 3 𝑟 𝑖𝑗𝑝 𝑬 𝑝 (3.20).
The beam birefringence is determined as:

∆𝑛 = ∆𝑛 𝑖𝑗 ′ = ∆𝑛 𝑖𝑗 -𝑛 𝑖 3 𝑟 𝑖𝑗𝑝 𝑬 𝑝 (3.21).
In this case, the effective electro-optic coefficient 𝑟 is equal to the crossed electro-optic coefficient 𝑟 𝑖𝑗𝑝 .

Finally, the third case, exists when the difference between components 𝑩 𝑖𝑖 and 𝑩 𝑗𝑗 is high and 𝑡𝑎𝑛 (2𝛼 𝑖𝑗 ) = 2𝛼 𝑖𝑗 . This approach is also valid for high voltage and thus, Eqs. 3.13 and 3.14 for the diagonal form can be rewritten as:

𝑩 𝑖𝑖 ′ = 𝑩 𝑖𝑖 + 𝑩 𝑖𝑗 2 /(𝑩 𝑖𝑖 -𝑩 𝑗𝑗 ) (3.22), 𝑩 𝑗𝑗 ′ = 𝑩 𝑗𝑗 - 𝑩 𝑖𝑗 2 (𝑩 𝑖𝑖 -𝑩 𝑗𝑗 ) (3.23).
According to the Eqs. 3.6 and 3.7 the new values of the refractive indices for this configuration can be found again using the differential Eq. 3.15:

𝑛 𝑖 ′ = 𝑛 𝑖 -( 1 2 ) 𝑛 𝑖 3 𝑟 𝑖𝑖𝑝 𝑬 𝑝 + 𝑛 𝑖 3 /2( 𝑛 𝑖 2 𝑛 𝑗 2 𝑛 𝑖 2 -𝑛 𝑗 2 ))𝑟 𝑖𝑗𝑝 2 𝑬 𝑝 2 (3.24), 𝑛 𝑗 ′ = 𝑛 𝑗 -( 1 2 
)

𝑛 𝑗 3 𝑟 𝑗𝑗𝑝 𝑬 𝑝 + 𝑛 𝑗 3 /2( 𝑛 𝑖 2 𝑛 𝑗 2 𝑛 𝑖 2 -𝑛 𝑗 2 ))𝑟 𝑖𝑗𝑝 2 𝑬 𝑝 2 (3.25).
For the third case the beam birefringence can be expressed as:

∆𝑛 = ∆𝑛 𝑖𝑗 -( 1 2 
)

𝑛 𝑗 3 (𝑟 𝑗𝑗𝑝 -(𝑛 𝑖 3 /𝑛 𝑗 3 )𝑟 𝑖𝑖𝑝 )𝑬 𝑝 -( 1 2 
)𝑛 3 𝑟 𝑖𝑗𝑝 where

𝑛 3 = (𝑛 𝑖 3 + 𝑛 𝑗 3 )( 𝑛 𝑖 2 𝑛 𝑗 2 𝑛 𝑖 2 -𝑛 𝑗 2 ) (3.27).
Eq. 3.26 illustrates that the linear electro-optic effect considering the variation in the birefringence keeps linear and quadratic dependences on quantity 𝑬 𝑝 . However, the variation in the birefringence depends only quadratically on the parameter 𝑬 𝑝 , when the diagonal coefficients 𝑟 𝑖𝑖𝑝 and 𝑟 𝑗𝑗𝑝 are equal to zero. We can note that this quadratic dependence with the field is due to the linear electro-optic effect, and not the quadratic or Kerr effect. This configuration is not advantageous for modulation applications but have to be carefully considered in experimental characterizations.

Electro-Optic Effect in Lithium Niobate (LN) Crystals

LN is a material that is well known for its large EO coefficients and it is used in numerous devices, such as modulators, deflectors and switches. Owing to its high optical quality and properties, and beyond the need to know its own electro-optical properties depending on the composition and doping, on the one hand and external parameters such as the frequency of the electric field, the intensity and the laser wavelength, on the other hand, LN constitutes a reference material for the general study of electro-optical properties of dielectric crystals. As it was mentioned the LN crystal is an optically uniaxial rhomboedral crystal with point-group C 3V = 3𝑚 symmetry and its EO properties can be described by the linear tensor 𝑟, so the EO coefficients are in the form allowing to describe electro-optic properties by a linear tensor [1]:

𝑟 = | | 0 0 0 0 𝑟 51 -𝑟 22 -𝑟 22 𝑟 22 0 -𝑟 51 0 0 𝑟 13 𝑟 13 𝑟 33 0 0 0 | | (3.28).
where the four non-zero elements in contracted notation [7] are 𝑟 13 = 𝑟 23 𝑟 22 = -𝑟 12 = -𝑟 61 , 𝑟 51 = 𝑟 42 , 𝑟 33 .

When the electric field is applied along the crystallographic c axis of the crystal the index ellipsoid (Eq. 3.2) can be written: It should be noticed, that under the influence of electric field in the direction parallel to 𝑐 axis, the crystal remains uniaxially anisotropic. Moreover, when a light beam propagates along the 𝑥 axis, the beam birefringence can be reported as:

𝑥 2 (
𝑛 𝑧 -𝑛 𝑦 = (𝑛 𝑒 -𝑛 𝑜 ) - 1 2 
(𝑛 𝑒 3 𝑟 13 -𝑛 𝑜 3 𝑟 13 )𝑬 (3.33).

Electro-Optic Phase Shift

In birefringent crystals, the light propagation can be represented as a linear superposition of two single waves, such as the ordinary and extraordinary wave. The polarization directions for these eigen light waves are mutually orthogonal and are referred as "slow" and "fast" axes of the crystal for that propagation direction. The phase retardation can be expressed by the difference of components 𝑛 𝑠 and 𝑛 𝑓 :

Γ = (𝑛 𝑠 -𝑛 𝑓 ) 𝜔𝐿 𝑐 = ( 2𝜋 𝜆 ) Δ𝑛 (3.34),
where 𝑛 𝑠 and 𝑛 𝑓 are refractive indices for "slow" and "fast" components respectively, Δ𝑛 = 𝑛 𝑠 -𝑛 𝑓 is the total birefringence of the crystal in the direction which is considered as a function of the involved effective EO coefficient regardless of the crystal symmetry and the geometrical configuration. 𝜆 0 is the wavelength of light beam in the vacuum, 𝜔angular velocity and c-the light speed in vacuum, 𝐿-the length of the crystal.

When an electric field E is applied onto the sample (assumed to exhibit linear EO coefficients), the birefringence can be written as [8]:

Δ𝑛 = Δ𝑛(0) + Δ𝑛(𝐸) (3.35),
where Δ𝑛(0) presents the spontaneous (or natural) birefringence, whereas Δ𝑛(𝐸) is the external field-induced (or EO) birefringence [8. 9]. The electro-optic change in refractive index, equal to the difference of the refractive indices with and without an applied electric field onto the sample respectively, can be presented as [9,10]:

Δ𝑛(𝐸) = 1 2 𝑛 3 𝑟𝐸 (3.36).
--Thus, the total phase retardation of the sample submitted to an external field E can be expressed:

Γ = Γ(0) + Γ(E) (3.37),
where Γ(0) is the natural retardation due to the natural birefringence Δ𝑛(0) and Γ(E) is the electro-optic retardation generated by the electric field.

In general, to produce an external electric field E, two electrodes set in contact with two faces of the sample placed at a distance 𝑑, that when assuming that no (air) gap exists between electrode and sample, 𝑑 correspond to the width of the sample. Consequently applying a voltage 𝑉 to the sample via the electrodes it will hold 𝐸 = 𝑉/𝑑. Therefore the retardation induced by an applied electric field can be obtained as:

Γ(E) = ( π λ 0 ⁄ ) Ln 3 rE = π( V V π ) (3.38).
Where the half-wave voltage V π is the corresponding voltage producing an EO phase shift Γ(E) = π expressed as:

V π = ( λ 0 n 3 r ) ( d L ) (3.39).
L is the length of the crystal along the beam-propagation direction, d is the sample thickness along the applied electric field direction, 𝑛 is the refractive index corresponding to the propagation direction, λ 0 is the beam wavelength.

Dielectric properties of lithium niobate

As mentioned above, LN crystal is an optically uniaxial rhomboedral crystal with point-group

C 3V = 3𝑚 symmetry [1]
, the induced polarization 𝑷 depends on the direction and magnitude of an applied 𝐄 field by the expression: where 𝜀 0 is free space permittivity. The magnitude of the electric susceptibility tensor 𝜒 𝑖𝑗 with 3×3 array depends on the choice of the 𝑥, 𝑦, 𝑧 axes relative to the crystal structure. Thus, the polarization depending on the direction can be expressed: Assuming the properties of uniaxial rhomboedral crystal related to the fact that in the range of optical frequencies the dielectric permittivity of a media is characterized in the terms of refractive index of this matter: 𝑛 = √𝜀, for LN crystal 𝜀 11 = 𝜀 22 .

𝑃 𝑥 =
𝑃 𝑥 =

Permittivity related Polarization Effects in Dielectric Materials

Generally, several mechanisms or polarization effects related to their overall permittivity occur in dielectric materials. These mechanisms are summarized as function of their frequency in Figure 3.1. It is to be of note that, as EO coefficients are closely linked to the dielectric properties of materials, they follow the same evolutions with the frequency range considered in the material [11,12]. An arrangement of electric charge carriers exists in a dielectric substance which can be displaced by an applied electric field. To compensate the electric field the charge carriers become polarized resulting to the movement of the positive and negative charges in opposite to each other directions [13]. At the microscopic level, in general three dielectric mechanisms contribute to the dielectric behavior (see Figure 3.1). Dipole orientation and ionic conduction dominate strongly at microwave frequencies. Atomic and electronic mechanisms are relatively weak, and assumed to be constant in the microwave range. Each dielectric mechanism has a characteristic "cutoff frequency." The magnitude and characteristic "cutoff frequency" of each mechanism is unique for different materials.

- The complex dielectric constant 𝜀 = 𝜀 ′ -𝑗𝜀 ′′ consists of a real 𝜀' and an imaginary 𝜀′′ parts related to the storage and the loss of the external electric field, respectively. The imaginary part of permittivity (𝜀′′) being greater than zero whereas usually has a value much smaller comparing to the real part (𝜀'). The loss factor contains the effects contributed to the dielectric loss and conductivity. Drawing the complex permittivity as a simple vector diagram (Figure 3.

2), the real and imaginary components are 90° out of phase. f, Hz
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The vector sum produces an angle δ with the real axis (𝜀'). The relative "lossiness" of a material is the ratio of the energy lost to the energy stored. The loss tangent or dissipation factor (tan 𝛿) is determined as a ratio of the imaginary part of the dielectric constant to the real part:

tan 𝛿 = 𝜀 ′′ /𝜀 ′ . For materials with tiny losses, since tan𝛿 ≈ 𝛿, thus, the loss tangent is expressed in angle units, milliradians or microradians.

With the increase of frequency, the slow mechanisms fall out in turn, leaving the faster ones contributing to 𝜀'. The loss factor (𝜀'') reaches peak value at each critical frequency. A resonance effect is usually associated with the electronic or atomic polarization whereas a relaxation effect is related to the orientation polarization.

Orientation (dipolar) polarization.

In order to share one or more of their electrons the atoms combine resulting to the formation of molecule. This electrons rearrangement produces an imbalance in the charge distribution resulting to a permanent dipole moment in its turn. In the absence of an electric field these 
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The friction accompanying the orientation of the dipole contributes to the dielectric losses.

The dipole rotation generates a variation of both 𝜀' and 𝜀'' at the relaxation frequency usually being in the microwave frequency range.

Electronic and atomic polarization.

Electronic polarization exists in neutral atoms if an applied electric field displaces the nucleus with respect to the surrounding electrons. However atomic polarization can be found when adjacent ions with positive and negative charges "stretch" under the influence of an external electric field. In the infrared and the visible light ranges the momentum of the orbiting electrons should be taken into account. Usually atoms may be modeled as oscillators with a damping effect which is similar to a mass system and mechanical spring. For different frequency values the amplitude of the oscillations is smaller than for the resonant frequency.

Far below resonant frequency, the electronic and atomic polarizations are almost lossless as contribute only to a small constant amount of 𝜀'. The resonant frequency is determined by a resonant response in factor 𝜀' and by a peak of maximum absorption in factor 𝜀''. Above the resonant frequency, the contribution of these mechanisms vanishes.

Relationship between linear electro-optic coefficients and dielectric permittivity

In piezo-electric crystals the relationship between electro-optic and dielectric properties is expressed as [14]:

𝑑𝜀 𝑖𝑗 = -∑ 𝑟 𝑖𝑗𝑘 (𝜔)𝜀 𝑖𝑖 𝑘 𝜀 𝑗𝑗 𝑑𝐸 𝑘 (𝜔) (3.47),
where 𝐸 𝑘 -is the component of the applied electric field tensor E depending on the frequency, 𝑟 𝑖𝑗𝑘 -component of EO tensor with the third rank, 𝜀 𝑖𝑖 , 𝜀 𝑗𝑗 -components of dielectric permittivity tensor in optical frequency range. The difference between the values of dielectric permittivity for low and high frequency on both sides of piezo-electric resonances can be reported:

∆𝜀 𝑖𝑗 = 𝜀 𝑖𝑗 𝑇 -𝜀 𝑖𝑗 𝑆 = ∑ 𝑑 𝑖𝑗,𝑘 𝑒 𝑘𝑙 = ∑ 𝑑 𝑖𝑗,𝑘 𝐶 𝑖𝑗𝑘𝑙 𝐸 𝑑 𝑙,𝑖𝑗 𝑘𝑙 𝑘𝑙 (3.48).

𝜀 𝑖𝑗

𝑇 -unclamped dielectric coefficient in low frequency range including constant stress, 𝜀 𝑖𝑗 𝑆clamped dielectric permittivity at high frequency containing constant strain, 𝑑 𝑖𝑗,𝑘 -component of piezo-electric tensor, 𝑒 𝑘𝑙 -component of inverse piezo-electric tensor.

In low frequency range the crystal deformation is related to the mechanical contribution (Eq.

3.48), whereas in high frequency range the crystal is deformed via the piezo-electric effect due to the applied electric voltage (Eq. 3.49) [36,44] :

𝑟 𝑖𝑗𝑘 𝑆 = ∑ 𝑃 𝑖𝑗𝑚𝑛 𝛿 𝑚𝑛𝑘 𝑚𝑛 (3.48), 𝑟 𝑖𝑗𝑘 𝑇 = 𝑟 𝑖𝑗𝑘 𝑆 + ∆𝑟 𝑖𝑗𝑘 𝑑 (3.49),
where 𝑃 𝑖𝑗𝑚𝑛 and 𝛿 𝑚𝑛𝑘 are elasto-optic and piezo-optic coefficients respectively, clamped EO coefficient 𝑟 𝑖𝑗𝑘 𝑆 is attributed by ionic and electronic contributions [3,12].

According to investigations reported in [3] the acoustic contribution to the EO coefficients can be estimated via elasto-optic (Pockels) coefficients 𝑃 𝑖𝑗𝑘𝑙 𝐸 at the stable electric field and the piezoelectric tensors 𝑑 𝑘𝑖𝑗 , as well as the electro-mechanical contribution to the static permittivity ∆𝜀 𝑖𝑗 = 𝜀 𝑇 -𝜀 𝑆 with the help of piezo-electric stress tensor 𝑒 𝑇 , 𝐶 𝐸 elastic tensor at the stable electric field. Piezo-optic contribution ∆𝑟 𝑖𝑗𝑘 𝑎 on both parts of acoustic resonances is recorded as:

∆𝑟 𝑖𝑗𝑘 𝑎 = ∑ 𝑃 𝑖𝑗,𝑙𝑚 𝑆 𝑙𝑚 𝑑 𝑙𝑚,𝑘 (3.50). 
𝑃 𝑆 is referred as the elasto-optic tensor (constant strain at high frequency). Taking photoelastic tensor π (constant stress at low frequency) and elastic constant C into account, the piezo-optic contribution is expressed as:

∆𝑟 𝑖𝑗𝑘 𝑑 = ∑ 𝜋 𝑖𝑗,𝑟𝑆 𝐶 𝑟𝑆,𝑙𝑚 𝑑 𝑙𝑚,𝑘 𝑟,𝑆,𝑙𝑚 (3.51). 
As LN crystals belong to the point group 3𝑚 [7], the piezo-electric tensor 𝑑, elastic constant technique whereas the nature of the patches induced by the electric field were not clear at that time [15]. However, this patches were not obtained in the case of the quantitative lowfrequency measurements for electro-optic coefficients r22 and |0.9r33-r13| in single-domain crystals performed by P. V. Lenzo et al [16]. The main electro-optic coefficients (r22, r61, and rc) over a wide frequency range for pure congruent LN crystals illustrated compliance comparing together and with literature results [18][19][20]. For the first time Kaminow and Johnston [21] calculated the values of the EO coefficients by using the combined Raman, infrared, second-harmonic-generation data and comparing to the results measured directly by Turner [17] the dependence on frequency was recorded in the case of EO coefficient r22 when for the EO coefficients r13, r33 the frequency dependence was not detected.

EO coefficients in pure LN crystals as a function of composition.

The investigation of electro-optic coefficients for different compositions of pure LN crystals had shown a dependence of this parameters on the Li content which is associated with the concentration of intrinsic defects related to the deviation from stoichiometry to the subcongruent [20,[22][23][24][25] (Table 3.1). Particularly, r33 increases with the increase of crystal stoichiometry and exhibits 20% larger value in stoichiometric crystal, whereas r13 has probably the same value as in congruent crystal [23,25]: r33=38.3pmV -1 , r13=10.4pmV -1 for stoichiometric crystal, and r33=31.5pmV -1 , r13=10.4pmV -1 for congruent crystal [23]. However, the unclamped values of third column are smaller in quasi-stoichiometric crystal compared to the congruent crystal [22,24]: r33=29.4pmV -1 , r13=9.25pmV -1 for quasy stoichiometric crystal and r33=31.4pmV - 1 , r13=10.49pmV -1 for congruent crystal. Combined EO coefficient rc indicates non monotonous dependence on the crystal composition explored for crystals grown from the congruent melt (Xc= 48,46% ) by adding different content of 𝐾 2 𝑂 to the melt to vary the stoichiometry in crystal [26]: rc=20.4pmV -1 for congruent crystal, then it decreases again rc=17.9pmV -1 for Xc=49.5% crystal, then increases again for stoichiometric crystal rc=19.9pmV -1 . EO coefficient indicates also strongly non symmetric dependence [20]: r22=6.07pmV -1 for congruent crystal, then it decreases up to r22=1.51pmV -1 for Xc=48.09% composition, then increases again r22=1.97pmV -1 starting from intermediary composition (Xc=49.09%). The largest value r22 demonstrates r22=9.89pmV -1 for near stoichiometric crystal.

The origin of the absence of minimum value for r33 may be due to the specific anisotropy of electron-phonon interaction for particular EO tensor components [25]. At the first time the minimized value was related to the modification of the elastic constant [20] and later to the non-centrosymmetry in the electroelastic potential distribution arround Nb-O6 clusters which gives more than 50% contribution to the r22 [27]. Later, to give an explanation of the non 

EO coefficients in non-photorefractive ions doped LN crystals

Electro-optic properties illustrate a different variation behavior depending on the introduction and the concentration of non-photorefractive ions: divalent Mg 2+ [29,30,31,32] and Zn 2+ [35][36][37][38], trivalent In 3+ [39,40,41], and Sc 3+ [42] and tetravalent Sc 4+ [43], Hf 4+ [44][45][46][47] and Zr 4+ [48].

Although the threshold concentration of magnesium was found to be about 5.5 mol%,whereas the exploration of the dependence of the electro-optic coefficients on the introduction and concentration of magnesium lead to the varied results obtained for the different serious of Mg:LN crystals [29,30,31,32]: The introduction of Mg ions decreases EO coefficient r22 in congruent crystals: r22=6.2 pmV -1 in Mg:LN (5mol%) crystal when r22=6.54 pmV -1 in undoped crystal [29], especially by doping 6.1mol% Mg ions EO coefficient decreases about eight times: r22=0.8 pmV -1 [31]. The quasy stoichiometric crystals doped with smaller concentration (1.8 mol%) illustrate the bigger value: r22=6.54 pmV -1 [29], however the largest value of the electrooptic coefficient indicates 4 mol% Mg:LN crystals [32]. Mg:LN crystals doped with higher dopant concentration (10mol%) exhibit a comparability of third column of EO tensor to those in pure LN crystals [29]: r33=36pmV -1 , r13=11.2pmV -1 in Mg:LN (10 mol%) and r33=36.7pmV -1 , r13=11pmV -1 in undoped crystals. As well as EO coefficients r33, r13 decreases linearly with the decrease of Li content in LN crystals doped with the fixed Mg concentration (5mol%) [30]:

r33=34pmV -1 , r13=10.5pmV -1 in Xc=43.4% Mg:LN, r33=32.4pmV -1 , r13=9.8pmV -1 in Xc=43.9%

Mg:LN, r33=30.6pmV -1 , r13=9.2pmV -1 in Xc=44. Due to the investigation, the EO coefficients rc, r22 illustrate a strong non-monotonic dependence on Zn content realized for Zn-doped LN crystals with the various doping concentration altering from 0 to 8 mol% [38]. For low Zn concentration EO coefficients decrease compared to the undoped LN crystal: r22=3.5pmV -1 , rc=17 pmV -1 for LN:Zn (2.87mol%), when r22=6.3pmV -1 , rc=21pmV -1 for undoped crystal, due to the reduction of Li vacancies concentration related to the weaker deformability of 𝑁𝑏𝑂 6 and 𝐿𝑖𝑂 6 octahedras. EO coefficients reach their minimum value for the concentration of about 2 mol%, due to the lowest 𝑉 𝐿𝑖 content. At higher Zn concentration the generation of new Li vacancies is accompanied by the increase of EO coefficients again indicated the highest value for 6.4mol.% Zn when 𝑉 𝐿𝑖 concentration is the biggest: r22=7.8pmV -1 , rc=25.5pmV -1 . Starting from 7.6mol.% concentration, Zn ions partially incorporate also on Nb site where the crystals illustrates a strong optical-damage-resistance: r22=3.6pmV -1 , rc=20pmV -1 for LN:Zn (8.16mol%).

LN:Hf congruent crystals with different concentration of Hf ions (1mol%-5mol%) were used to investigate EO coefficients r33, r13, rc and r22 as a function of the concentration of Hf ions [44][45][46][47][48]. Due to the results EO coefficients reveal a weak dependence on the Hf concentration of the crystals, which is attributed to the strain contribution related to the introduction of Hf ions. EO coefficient r33 exhibits values from 30 to 31 pmV -1 , when r33=32pmV -1 for pure LN as well as the coefficient r13 spanned from 8.9 to 9.5 pmV -1 , r13=10pmV -1 for pure LN. The combined coefficient rc varied from 19.3 to 20.7 pmV -1 with the same trend of r33, when rc=21.5pmV -1 for pure LN. All EO coefficients reached their maximum values at the Hf concentration of 5 mol%: r13=9.5pmV -1 , r33=31.7pmV -1 , rc=20.7pmV -1 and r22=2.5pmV -1 .

Meanwhile EO coefficient r22 was slightly smaller compared to the pure crystal: r22=2.3pmV - 1 for LN:Hf (1,4,8mol%), r22=2.2pmV -1 for LN:Hf (3mol%), when r22=2.6pmV -1 for pure LN. The piezo-optic contribution is larger in r22 than in rc [47], which is related to the stronger electric field.

EO coefficients in transition-metal ions doped LN crystals

A study of the dependence of EO coefficients of LN crystals on the concentration of transition metal impurities and crystal composition were performed for Cr [26,49,50], Ti [51,52] and Fe [53] doped LN crystals (Table 3.1). An increase of the third column of EO tensor more than 30% was achieved in LN crystals doped by Fe and Ce ions (less than 500 ppm) [25]. In crystals doped with higher Ce content the decrease of EO coefficients was obtained caused by the degradation of crystallinity. However EO coefficients r13, r33 are independent on the dopant concentration: r33=43pmV -1 , r13=13pmV -1 for Fe:LN crystals, while r33=44pmV -1 , r13=14pmV -1 for Ce:LN if r33=38pmV -1 , r13=12pmV -1 for undoped crystal.

Combined EO coefficient rc illustrates a monotonous reduction with the respect to the crystal stoichiometry in LN:Fe (0.05wt%) crystal grown from a congruent melt containing different content of potassium [53]: rc=22 pmV -1 for Xc=48.5%, rc=20 pmV -1 for Xc=49.2%, rc=19.5 pmV - 1 for Xc=49.4% and rc=18 pmV -1 for Xc=49.55% crystals. However, EO coefficient rc in LN:Cr (0.06at%) crystals grown from a congruent melt by adding 𝐾 2 𝑂 in order to change the crystal composition demonstrates lower value than in Fe:LN crystals and a non-symmetric dependence on the crystal stoichiometry [26]: rc=19 pmV -1 for congruent crystal, then it decreases rc=17.2 pmV -1 for Xc=49.25% and increases again rc=20pmV -1 for Xc=49.85% crystals.

The dependence of coefficient rc on Cr content is much larger than on the composition of the crystal [26]. The shift due to Cr ions is about 5 pmV -1 for Li-rich crystals and 12.5 pmV -1 for congruent ones when Cr concentration varies from 0.06 at% up to 0.8 at%.

EO coefficients are governed by two mechanisms: non stoichiometric intrinsic defects varying ionic and electronic polarizability of Nb ions and lattice structure changing deformability of oxygen octahedron around Li ions. The first mechanism dominates in congruent crystal and the second one in stoichiometric crystal [26]. In crystals doped with small amount of Fe ions EO coefficients are governed by intrinsic defects related to the Li deficiency. The values of the combined coefficient are remarkably close to the results that had been found in undoped crystals with the same compositions correspondingly. This modification is noticeable for crystals with the near stoichiometric composition, containing the smallest concentration of intrinsic defects. Even a small amount of introduced impurity ions, impedes the crystal to reach the stoichiometry [53]. The introduction of small content of Cr ions affects the crystal composition resulting of the incorporation onto Li site, changing Nb antisites and reducing also EO coefficients due to the variation of ionic and electronic polarizabilities of Nb ions. In Cr doped Li-rich crystals EO coefficients are governed by deformability of the oxygen octahedron around Li and is unaffected by Cr small content.

The EO investigation of LN crystals illustrates the dependence of crystal composition, introduction of dopant impurities their concentration as well, whereas there is no exploration of EO coefficients as a function of Li/Nb ratio as well as presence of transition metal ions in addition.

EO coefficients as a function of external parameters: 1-Wavelength.

According to the results of investigations for EO coefficients as a function of wavelength performed for pure [5,6,7] as well for doped with Mg [8,9,10] and Fe LN crystals [11] with different composition of the crystal electro-optic coefficients demonstrate an increase with the shift of wavelength from long range to the short range. Particularly, the data of EO coefficients at 632.8 nm demonstrate a dispersion in short range [7,32,6,5,10,9].

EO coefficients as a function of external parameters: 2-Temperature.

The application of the LN crystals in high-voltage systems based on the dependence of electrooptic effect on the temperature also had been investigated [15,18,[54][55][56][57][58]. Mainly an increase of EO coefficients with the increase of temperature was found except the work of Zook et al.

who found the linearly decrease of electro-optic coefficients r33, r13 with the increase of temperature [54].

EO coefficients in Rare-Earth ions doped LN crystals

According to the investigations of the relationship between the values of EO coefficient r33 and the presence of rare Earth (RE) ions performed for LN crystals doped with different concentration of erbium (Er) [59][60][61] ions and codoped with erbium and ytterbium (Er+Yb) [59] the increase of the content of RE ions makes the electro-optic coefficient decreased.

Before 0.2 mol% concentration erbium ions create the new defects, decreasing quadratically the EO coefficient. For higher concentrations erbium ions influence on the intrinsic defects forcing a linear decrease of the coefficient. These results suggest that the presence of Er ions reduces the concentration of the Nb antisites and Li vacancies incorporating always onto the same site, which is the similar effect obtained by increasing the stoichiometry of LN crystal [62].

As it is noted in literature, the influence of the crystal composition and the introduction of photorefractive ions on the EO coefficients analyzed in the view of their corresponding dielectric permittivity in iron doped lithium niobate (LN:Fe) crystals was earlier studied.

Nevertheless, these published researches presented only the relative EO coefficients obtained in LN:Fe crystals grown with a modified Czochralski technique from congruent melt containing potassium. In fact the composition of the crystals mentioned in the publication had been changed by changing the concentration of potassium ions in the melt [49]. In addition for final correction of the composition different value of electric field had been applied to the crystal-melt system. Thus, even if the incorporation of potassium ions into the lattice of the LN crystals was negligible it would influence the charge compensation mechanism in the matrix. So, at least till the near stoichiometric composition to get pure experimental results for the influence of intrinsic defects on the EO properties of LN:Fe crystals it is preferable to change the composition of the crystals by the change of the main components of the system, that is, lithium ions in the melt. Currently, EO coefficients of LN:Fe crystals with various composition are grown with the conventional Czochralski technique in which the final composition Xc of the crystal is achieved by changing the initial composition 𝑋 𝑚 in the melt (see Section 2). Thus, in these new LN:Fe crystals, it does not exist any influence of an electric field value or potassium concentration in the melt or residue in the final crystal composition. (phase shift) of the external optical beam will be induced resulting to the electro-optic variation of refractive index [7,8]. As a polarizer and analyzer are arranged with the polarization direction at 𝜋/4 to the birefringence axis of the sample, the polarization direction of the analyzer is at an angle 𝛽 to the fast birefringence axis of the sample obtained as the origin of azimuths. Taking these conditions into account, the optical transmission equation of the system without the quarter-wave plate can be reported as [9,64]:

where ∆𝑛(0) and ∆𝑛(𝐸) are the spontaneous or natural birefringence and the field-induced or electro-optic (EO) birefringence [1]. In this equation, 𝑟 𝑒𝑓𝑓 is the effective EO coefficient of the crystal, for the direction under consideration as derived from the 𝑟 𝑖𝑗𝑘 components of the linear EO tensor [9].

Considering only the electro-optic contribution during the experiment, which could be changes or to the various kinds of EO retardations including the static or dc phase retardation Γ 𝑑𝑐 caused by the applied dc voltage V 𝑑𝑐 onto the sample. It is to be noted that this determination of location of the operating point on the (𝐼 -Γ) characteristic is done without any intensity measurements but only by observation at an oscilloscope screen of the shape of the transmitted signal. Thus, when a sharp band-pass filter is used to amplify the detected output signal, adjusted at the double of the frequency of the modulating voltage, the resulting accuracy of methods based on this observation is hugely increased compare to methods based on intensity measurements. The FDEOM method will be used for the determination of the static EO coefficients of our samples under study [10,63,64,68].

Due to the EO effect the induced differential static phase shift retardation 𝛤 𝑑𝑐 by applied electric dc field via the crystal, generates a shift of the operating point from 𝑀 0 on the EO characteristic curve in his turn. This phase shift 𝛤 𝑑𝑐 is directly measured to full compensate (total restoration of the extinction) by azimuthal rotation of the analyzer by an angle 𝛽 𝑑𝑐 given by the relationship:

𝛽 𝑑𝑐 = 𝛽 2𝜔 -𝛽 2𝜔,0 = Γ dc /2 (3.1.1.1.1.1),
where 𝛽 2𝜔,0 is the angle of the analyzer required initially to compensate for the natural retardation 𝛤(0) before applying the (testing) dc voltage 𝑉 𝑑𝑐 . The EO coefficients can be calculated as:

𝑟 𝑒𝑓𝑓 = 𝜆𝑑 𝜋𝑛 𝑒𝑓𝑓 3 𝐿 • 𝛿𝛽 𝛿𝑉 𝜋 (3.1.1.1.1.2).
Here 𝜆-vacuum wavelength, 𝑑-the distance between the electrods, 𝐿 -is the length of sample, 𝑛 𝑒𝑓𝑓 -refractive index of the crystal along the propagation direction. Experimentally, with appropriate apparatus as an efficient band-pass filter, within the FDEOM method, the expected accuracy is better than 5% in the determination of the EO coefficients and can achieved 2% in best case in materials with high EO effect.

--

𝑟 𝑒𝑓𝑓 (𝜐) = 𝜆𝑑 𝜋𝑛 𝑒𝑓𝑓 3 𝐼 0 𝐿 • 𝑖 𝑝𝑝 (𝜐) 𝑣 𝑝𝑝 (𝜐) (3.1.1.1.2.

1).

The effective EO coefficients can be written as

𝑛 3 𝑟 𝑒𝑓𝑓 (𝜐) = 𝜆𝑑 𝜋𝐼 0 • 𝑖 𝑝𝑝 (𝜐) 𝐿𝑣 𝑝𝑝 (𝜐) (3.1.1.1.2.2).
The effective combine EO coefficient is given as:

𝑛 𝑒 3 𝑟 𝑐 = 𝑛 𝑒 3 𝑟 333 -𝑛 𝑜 3 𝑟 113 (3.1.1.1.2.3).
Here, 𝑣 𝑝𝑝 (𝜐)-is the peak-to-peak amplitude value of the modulated ac voltage at the frequency 𝜐 , 𝑖 𝑝𝑝 (𝜐) -the peak-to-peak amplitude of the sinusoidal voltage, 𝐼 0 = 𝐼 𝑚𝑎𝑥 -𝐼 𝑚𝑖𝑛 is the total intensity shift of the transmitted beam. The measurements of 𝑣 𝑝𝑝 (𝜐) and 𝑖 𝑝𝑝 (𝜐) quantities are carried out in ac regime whereas the measurements of 𝐼 𝑚𝑎𝑥 and 𝐼 𝑚𝑖𝑛 are done in dc regime.

For measurements of EO coefficient 𝑟 𝑐 the polarization of the incident beam is at 45° of the 𝑧 axis, thus, the field-induced effective change in the birefringence can be reported as [1]:

𝛿∆𝑛(𝐸) = -( 1 2 
)𝑛 𝑒 3 𝑟 𝑐 𝐸 3 (3.1.1.1.2.4).

Thus, the combined coefficient defined by the following relationship:

𝑟 𝑐 = 𝑟 33 -(𝑛 𝑂 𝑛 𝑒 ⁄ ) 3 𝑟 13 (3.1.1.1.2.5),
with 𝑛 𝑂 and 𝑛 𝑒 the ordinary and extraordinary refractive indices of the crystal.

It is important to note that the previous developments performed for a unique light beam propagating through a birefringent crystal in Sénarmont modulator configuration provide the same type of equations when a two beams arrangement in an interferometric configuration is employed. We have seen above that the differential phase retardation between the two polarization components of the beam propagating through the birefringent crystal is considered in Sénarmont modulator or setup.

It is to be of note that as this method and others associated ones are based on intensity measurements, the experimental accuracy in the determination of the EO coefficients is generally limited to about 10% in the best cases. (With the hypothesis of small angle between the observe ray and the normal). Thus, to select during EO measurements a functioning point on the 𝐼 -𝜙 characteristic in the fringe pattern plane, we can adjust the distance y of the observed point or introduce a retardation of the phase of the polarization in the reference arm. In our setup, this retardation is created by the mirror placed in this reference arm, mounted on piezo-electric translation.

The phase of the light wave propagated in the crystal was modulated by a dc voltage applied along the direction parallel to the optical axis c of the crystal (See Table 3.1.1.4). Considering that in the trigonal structure, 𝑟 113 = 𝑟 223 , it results that only two direct and one combined EO coefficients have to be determined. In interferometric measurements, with a light propagation along the 𝑦 axis (𝑥 axis), the field induced effective change in the refractive index for each polarization component is [70]:

𝛿𝑛 𝑜 (𝐸) = -( 1 2 
) 𝑛 𝑜 3 𝛿 (

1 𝑛 𝑜 2 ) = -( 1 2 
)𝑛 𝑜 3 𝑟 113 𝐸 3 (3.1.1.2.2)

and

𝛿𝑛 𝑒 (𝐸) = -( 1 2 
) 𝑛 𝑒 3 𝛿 (

1 𝑛 𝑒 2 ) = -( 1 2 
)𝑛 𝑒 3 𝑟 333 𝐸 3 (3.1.1.2.3).

Laser beam dividing into two parts due to the beam splitter one part of the beam propagates directly then reflects by mirror and due to the analyzer the polarized beam passes through the EO crystal. In order to have a retardation of the phase dc voltage is applied to the crystal. To measure 𝑟 33 EO coefficient the beam is polarized through 𝑧 direction, for r13 is used polarized beam through 𝑥 (or 𝑦 direction). The second beam passes through half wave plate and then recombining after the crystal with the splitted first part of the beam. As half wave plate changes the phase of the beam, so after the sample the beams have phase shift, thanks to which the interferometric image is created on the detector. The lense is used to control the size of the fringes. The direction of the fringes could be changed due to the beam splitter after sample and due to the mirror after the half wave plate. To avoid the Fabry-Perot interferometer is used the diaphragm before the detector. The light part of the fringes is related to the maximum intensity of the transmitted beam and the dark one is corresponded to the minimum intensity of the transmitted beam. To move the fringes a piezo-electric mirror is used, which changes horizontally the position of the fringes on the detector. Amplitude value of the intensity could be obtained by applying ac voltage to the crystal. EO coefficients are calculated due to the following equations: It is to remember that in one beam set-up, the electric phase contribution is measured as a phase shift between the components of the polarization crossing the sample, yielding to have the possibility to determine only combined EO coefficients or direct ones only when one term of the combination is equal to zero. The main advantage of the interferometric based methods is the possibility to obtain individually all direct EO coefficients as the electrical perturbed beam in the crystal is referred to the passive beam of the second arms of the interferometer.

Nevertheless, the amplitude of the detected signal (interferometric pattern) at the output of the experimental two-beam set-up is low and the resulting accuracy in the determination of the EO coefficients is relatively poor, above 10%, within these techniques. § 3.1.1.3. Time Response method (TRM)

The method called "Time Response method" (TRM) usually is used to measure the clamped EO coefficients [6,71]. Indeed, analogic method are often limited by the bandwidth of the electronic devices and apparatus limited to a few megahertz which in general, limits the determination of EO coefficients beyond the frequencies of acoustic resonances. Thus, digital experimental methods followed by mathematical and signal treatments need to be developed Usually the unclamped EO coefficients can be measured by both MDM and TRM methods.

Linear working point 𝑀 1 (see Figure 3.1.1.1.2.1) where the transmission 𝐼 0 = (𝐼 𝑚𝑎𝑥 -𝐼 𝑚𝑖𝑛 )/2 is about 50% also used to observe the EO coefficients depending on time. The applied electric voltage ∆𝑣(𝑡) generates the immediate variation of the intensity of transmitted beam ∆𝑖(𝑡).

The electric field generated variation of intensity is the highest at the linear part of the transfer function. The intensity variation of the transmitted beam ∆𝑖(𝑡) induced by voltage ∆𝑣(𝑡) as a function of time at the working point 𝑀 1 is given by:

∆𝑖(𝑡) = 𝜋𝐿𝐼 0 𝑛 𝑒𝑓𝑓 3 2𝜆𝑑
• 𝑟 𝑒𝑓𝑓 (𝑡)⨂∆𝑣(𝑡) The absolute values of effective EO coefficients was expressed as:

𝑟 𝑒𝑓𝑓 (𝜐) = 2𝜆𝑑 𝜋𝑛 𝑒𝑓𝑓 3 𝐼 0 𝐿 • ∆𝑖(𝜐) ∆𝑣(𝜐) (3.1.1.3.6).
The effective EO coefficient can be expressed as:

𝑛 3 𝑟 𝑒𝑓𝑓 (𝜐) = 𝐴 𝜆𝑑 𝜋𝐼 0 • ∆𝑖(𝜐) 𝐿∆𝑣(𝜐) (3.1.1.3.7),
where A=1 or 2 correspondingly for Senarmont and two beam interferometric measurements.

It is to be noted that the use of this method is justified only when clamped EO coefficients are desired as the accuracy is lower and the procedure is more complex that the determination performed with analogic methods as presented above. § 3.1.1.4. The opto-geometric configurations required for EO measurements

The opto-geometric configurations are summarized in Table 3.1.1.4. and by doping impurities will require a correction in the values of the EO coefficients that has been found in the order of 5%, which is below the accuracy of our measurements. § 3.1.2 Experimental technique for dielectric measurements.

The application of ac sinusoidal voltage 𝑉 across the capacitor leads to the current 𝐼 including a charging current 𝐼 𝑐 and a loss current 𝐼 𝑙 related to the dielectric constant (Eq. 3.1.2.1).

Usually, the losses of the material are represented as a conductance (𝐺) parallel to a capacitor (𝐶) as shown in Figure 3.1.2.1 [13]. Where 𝜔 = 2𝜋𝑓 is the angular frequency, 𝑆 and 𝑑 are the surface of the capacitor plates and the distance between them respectively (Figure 3.1.2.1). 𝐶 and 𝐶 0 are the capacitances with and without dielectric respectively, 𝜀 0 = 1/36𝜋 × 10 -9 𝐹/𝑚 = 8,85 × 10 -12 𝐹/𝑚 is the free space permittivity.

To realize dielectric measurements at first two surfaces of the crystal must be covered by a silver as a material with high conductivity. To determine ε33 the surfaces with area of 𝑥 and 𝑦 were covered when the distance between them is 𝑑 = 𝑧. To analyze a dielectric permittivity ε22 the surfaces with area of 𝑥, 𝑧, axes were covered when the distance is 𝑑 = 𝑦.

By measuring the capacitance and the conductivity of the crystal correspondingly the real 𝜀′ and 𝜀 ′ ′ imaginary parts of dielectric permittivity were calculated by using Eqs. The measurements of Pockels EO coefficients have been performed at room temperature using He-Ne laser beam with 632.8 nm wavelength [72]. Particularly, 𝑟 113 and𝑟 333 linear EO coefficients have been measured with the help of interferometric Mach-Zehnder method whereas 𝑟 222 and combined coefficient 𝑟 𝑐 have been measured using the one-beam Senarmont compensation ellipsometric technique.

In general the unclamped EO coefficient 𝑟 𝑒𝑓𝑓 𝑇 can be measured by both MDM [6,73] and TRM methods [6,71], nevertheless we used MDM method referred as "Modulation Depth Method".

The sinusoidal ac voltage with the peak-to-peak amplitude equal to 250 V at 1 kHz was applied onto the sample to generate the modulation of amplitude for the output signal.

The measurements of clamped EO coefficient have been performed by the "Time Response method" (TRM) [6,71] presented above, when the EO response is considered to be in the long time range. In order to define the time response of crystal to a voltage step the large range of voltage pulse up to 1kV passes across the sample. For the investigation of 𝑟 𝑆 the voltage pulse with short duration was used (nanoseconds), however in the case of 𝑟 𝑇 the larger pulse was applied (several microseconds). For our measurements of 𝑟 𝑆 coefficients the voltage pulse was equal to 300 V with the 5 ns duration and 10 μs repetition rate.

The electrical voltage applied onto the sample contained a DC power supply with 0 to 1000 V and a high voltage switch, which decrease a rise time below 10 ns. The switching was controlled by pulse generator with pulse duration of 10 μs and a rise time of 6ns. The output resistor of the pulse generator (50Ω) was used to escape the expansion of the voltage rising edge. Thus, to achieve this conditions the output of the voltage switch was connected to the sample trough the too shorter wire with 50Ω providing the sample with shunt terminator of 50Ω. The high-speed p-i-n photodiode with response time lower than 0.5 ns and the voltagecurrent amplifier with response time of 0.8 ns was used in the detection system. The oscilloscope with a sampling rate equal to 10 GSa/s and an analogical bandwidth equal to 500 MHz was applied to display the signals ∆𝑖(𝑡) and ∆𝑣(𝑡).

Within in the conditions of the sample dimensions, realized optical and electric arrangements the uncertainty of EO coefficients is in order less than 10 % for LN:Zr crystals.

The recorded applied voltage and the optical signal at various time scale for opto-geometric r222 configuration is reported in Figure 3 ,,.

, .. , .. frequency range were investigated by both MDM and TRM methods whereas the clamped EO coefficient at constant strain in high frequency range was measured by MDM method using Senarmont compensation setup.

EO coefficients for r113 and r133 opto-geometric configurations were observed by Mach-Zehnder interferometric technique. Laser beam propagated along the 𝑥 (or 𝑦) axis, when electric field was applied parallel to 𝑦 axis. The combined EO coefficient 𝑟 𝑐 investigated by Senarmont compensation method was compared to the calculated values.

As in 𝑟 113 and 𝑟 333 configurations the electric field is applied onto the crystal along the Z direction the contributions of piezo-optic effect is slightly thus, 𝑟 𝑥𝑥3 = 𝑟 𝑥𝑥3 𝑇 = 𝑟 𝑥𝑥3 𝑆 , when 𝑥𝑥 = 11 or 33.

Dielectric measurements

According to the established relationship between EO and linear dielctric coefficients as well as depending of these mentioned parameters on the frequency and the temperature, EO coefficient reproduce the same behavior of dielectric permittivity [12]. The link between EO and dielectric coefficients presents with the variation of crystal composition and impurity concentration [3]. Thus, with the EO parameters the values of dielectric constants also have been measured for Zr and In doped samples (See 3.2.2). The measurements of 𝜀 22 𝑇 , 𝜀 22 𝑆 and 𝜀 33 𝑇 , 𝜀 33 𝑆 coefficients correspondingly for low and high frequency ranges at room temperature have been performed by utilizing the two impedance analyzers HP 4151 and HP 4191A in large frequency ranges correspondingly from 1 Hz up to 13 MHz and from 1 Mhz up to 1 GHz.

In addition optical absorption experiments were carried out.

The UV-Visible-NIR optical transmission spectra was recorded with the help of Perkin Elmer Lambda 900 spectrometer by using un-polarized light. For this measurements the samples were located with polished surfaces at normal incidence as well as the 𝐾 vector of incident beam was parallel to the crystallographic 𝑐 axis. The recorded transmission spectra for all samples illustrates the flat transparency response in the visible range and an absorption edges have been realized at the absorption coefficient of 20𝑐𝑚 -1 . § 3.2.2 In doped crystals § 3.

Details of Experiments

Electro-Optic measurements

The measurements of EO coefficients in opto-geometric configuration 𝑟 222 for the samples LN:In1-LN:In4 have been performed at room temperature using 𝜆 = 632.8 nm He-Ne laser beam. Laser beam propagated along the 𝑧 axis, when electric field was applied parallel to 𝑥 (or 𝑦) axis. The unclamped EO coefficients at constant stress in low frequency range were investigated by both MDM and TRM methods whereas the clamped EO coefficient at constant strain in high frequency range was measured by MDM method using Senarmont compensation setup [74]. In the case of former MDM method the amplitude of the applied ac electric field was 220 V at 1 KHz. However, the amplitude of the pulse voltage applied onto the crystal was equal to 700 V in the TRM technique. In these conditions taking into account, the sample dimensions, realized optical and electric arrangements for measurements the error uncertainty of EO coefficients is in order of 6 %. the sample by adding in series with the ac voltage, a dc voltage amplitude varies between -270

V and 270 V. It will be noted that as the acoustic resonances in LN appear at frequencies above the modulation one, with both methods, our measurements will concern to the unclamped EO coefficient 𝑟 𝑇 . The ac component of the output beam was detected by a photodiode followed by a current amplifier sets as narrow band-pass filter for measurements with the FDEOM method not requiring intensity measurements and as low-pass filter for measurements with the MDM method in which the dynamic modulated 𝐼 𝑚 and absolute 𝐼 0 contributions of the laser beam intensity need to be determined.

Dielectric Measurements

Taking into account the correlation between, the EO coefficients and the linear dielectric permittivity as well as their respective behaviors with composition and other physical parameters as the temperature and the frequency to be closely linked in ferroelectric inorganic crystals for completely observation of the EO behavior the linear dielectric coefficients The results for absorption edge as a function of Zr concentration are given in Table 3.4.1.1.1

According to the results the absorption edge replaces to the UV range with the increase of zirconium concentration up to 2 mol% related to the occupation of 𝑍𝑟 4+ ions 𝑁𝑏 𝐿𝑖 antisites positions in Li sites. However for crystals doped with higher content of Zr (2.5 mol%) the absorption edge demonstrates the opposite replacement to the visible range of wavelengths referred to the incorporation of 𝑍𝑟 4+ ions onto both Li and Nb site inducing the disorder necessary for charge compensation process. Thus, it is considered Zr concentration equal to 2 mol% corresponds to a threshold concentration, required for the reduction of the photorefractive effect in the LN crystal. For the understudy samples LN:Zr1-LN:Zr8 the effective combined EO coefficient was defined by direct Senarmont method and also calculated estimating the accuracy of the experimental and calculated methods. In Fr equency (H z )

The clamped and unclamped EO coefficients as a function of In molar concentration are given in Figure 3.4.1.2.2 and in Table 3 Taking into account the relationship between EO and dielectric effects [1] leading the acoustic contribution to the EO coefficients consequently applying the value of piezo-electric and elasto-optic coefficients 𝑟 222 𝑎 = 37𝑝𝑚𝑣 -1 for pure congruent LN crystal [76,77] was defined, to be in a good agreement with the experimental value within the uncertainty equal to 10%.

According to the experimental results, the 𝑟 222 unclamped and clamped coefficients and dielectric permittivity decrease with th increase of In concentration and prevent a kink about 1 mol% of In concentration. The small jump between two parts of piezo-elastic resonance (low and high frequency range) is due to the absence of electromechanical contribution in LN:In crystal, whereas it is larger for congruent undoped LN sample. On the other hand 𝐶 44 elastic constant is the highest also for congruent pure LN crystal. The specific small acoustic contribution being the difference between the values of the EO coefficients obtained below and above the piezoelastic resonances can also be linked to the noticeable decrease of the optical damage in LN:In. These phenomena were attributed to the fact that In ion being trivalent, it may be incorporated simultaneously in both lattice cation positions (𝐼𝑛 𝐿𝑖 2+ and 𝐼𝑛 𝑁𝑏 2-providing a possibility for charge self-compensation [39]. This prove that 𝑁𝑏 𝐿𝑖 antisites cannot co-exist with In ions or, in other words, 𝑁𝑏 𝐿𝑖 is completely cancelled even at In concentration < 2 mol% due to the simultaneously incorporation of In ions in both Li and Nb sites.

Indium being non-photorefractive ion, is attractive material due to the lowest threshold concentration, thus, it can be used to increase the photoconductivity [41]. behavior with the variation of the crystal composition with higher amplitude than the accuracy of the method. This behavior of the EO coefficients points out a slight increase for crystals with composition varied from congruent to near stoichiometric crystal. This nonmonotonous dependence of the EO coefficients on the composition will be discussed further in view of dielectric properties. We also notice a discrepancy between results obtained with both methods in Figure 3.4.2.2. This discrepancy can be attributed to the effect of the bias dc field used in the FDEOM method than can induce some electrical polarization effects as an electric field screening due to residual space charges in crystals. Thus, even if currently, the electro-optic effect is considered relative to the external electric-field, i.e. with the values here obtained with the MDM method, the results obtained with the FDEOM method is important
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when the internal electric field relative to the presence of space charge field has to be considered for the electro-optic effect instead of the external electric field as in photorefractive process or photorefractive applications.

In Figures 3.4 •• À . 
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coefficients present some discrepancies with the composition when they are individually considered as shown in Figure 3.4.2.2. This fact confirms that the applied dc electric field in the FDEOM method induces the same electrical polarization effects in all crystals of the series.

With the hypothesis that this effect is due to the residual space charges in crystals, the amount of these charges is the same in all crystals, thus whatever is the composition.

Finally, our results point that only slight changes following the same behavior in all unclamped direct EO coefficients with the composition exist in iron doped LN crystal. In inorganic crystal the unclamped EO coefficient is expressed as:

𝑟 𝑇 = 𝑟 𝐼 + 𝑟 𝑎 + 𝑟 𝑒 (3.4.2.1),
with 𝑟 𝐼 the ionic contribution, 𝑟 𝑎 the acoustic contribution link to the piezo-optic effect and 𝑟 𝑒 the direct electronic contribution relative to the second harmonic contribution. It was previously shown that in congruent LN crystal, 𝑟 𝑐 𝑎 is smaller than 1pm/V and 𝑟 𝑐 𝑒 is around 5pm/V. Consequently, the ionic contribution is the most important contribution in the absolute value and in the relative change with the composition of the unclamped EO coefficients of the third column of the tensor. Applying the same approach concerning the behavior of 𝑟 22 with the composition, we notice that in this opto-geometric configuration, the piezo-optic contribution, i.e. 𝑟 22 𝑎 is equal to 3.3 pm/V for the congruent composition, which is comparable to the ionic contribution 𝑟 22 𝐼 . Thus, the change observed in the unclamped EO 𝑟 22

𝑇

with the composition originates from both changes in the ionic and piezo-optic contributions.

Dielectric Permittivity

The static dielectric permittivities In Table 3.4.2.1, we summarize the compositions and growing characteristics of melts and crystals and the electro-optic coefficients and dielectric permittivities obtained by experimental measurement in the current study. 
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2.1: EO coefficients and corresponding dielectric permittivities of the understudy samples LN:Fe1-1÷LN:Fe1-3. In calculation of the EO coefficients, we assumed the typical values of the refractive indices for pure congruent crystal (at T=25°C and λ=632.8 nm). See the text. The non-monotonous behavior with the composition of the dielectric permittivity and EO coefficients have been reported with the variation of the composition of a crystal. The behavior of dielectric permittivity is remarkably similar to the change of electro-optical coefficients at variation of the composition. The coefficients of third column of EO tensor r 13 , 𝑟 33 as well as combined EO coefficient 𝑟 𝑐 illustrate a variation with the increase of Li content. Furthermore EO Pockels coefficient for 𝑟 22 opto-geometrical configuration and dielectric permittivities vary non monotonously as a function of crystal composition: it is the biggest for congruent Fe:LN sample, the lowest for off congruent sample LN:Fe1-2 and and it has the intermediate values for the near stoichiometric sample LN:Fe1-3.

N° 𝑿 𝒎 = [𝑳𝒊] /[𝑳𝒊 + 𝑵𝒃] 𝑿 𝒄 = [𝑳𝒊] /[𝑳𝒊 + 𝑵𝒃] 𝒓 𝟐𝟐 (pm/V) 𝒓 𝟏𝟑 (pm/V) 𝒓 𝟑𝟑 (pm/V) rc (pm/V)
In 𝐴𝐵𝑂 3 compounds electro-optic coefficients are generally attributed to the ionic and electronic polarizabilities of the Nb ions (Li poor crystals) and the deformability of the oxygen octahedron around Li (Li rich crystals) [20,26,28,50,53]. Among them, the ionic polarizibility plays a dominant role for the doping effect [38]. For LN crystals doped with a small amount of iron, the polarizabiility as well as Pockels EO coefficients are governed by the content of intrinsic defects [26,28] resulted by the Li deficiency, Nb antisite in A (Li) site and impurity ions as well.

For the linear EO coefficients 𝑟 13 , 𝑟 33 , 𝑟 𝑐 the role of the electro-mechanical contribution is negligible [78]. The mentioned EO and dielectric coefficients mainly depend on the variation of Nb ions polarizability mechanism along 𝑧 axis due to the change in the charge compensation processes in crystal with varying composition from congruent to near stoichiometry. As mentioned above, we remind that photorefractive ions incorporate onto both A (Li) and B (Nb) sites. In Li-poor crystals (congruent crystal LN:Fe) Fe ions occupying A site displacing 𝑁𝑏 𝐿𝑖 antisites from A site to their natural B site, thus increasing the polarizability of Nb ions consequently the Pockels EO coefficients 𝑟 13 , 𝑟 33 , 𝑟 𝑐 illustrate higher values [28]. Moreover, it also indicates that in LN:Fe crystals, the additional modulation of Nb ions polarizability exists comparing to the pure LN crystals due to the presence of impurity Fe ions changing the content of Nb antisites [20]. With the variation of crystal composition from congruent to nearstoichiometric due to the increase of Li content in A site Fe ions mainly incorporate onto B site decreasing the polarizability of Nb ions in their own site. Thus, due to the smaller polarizability of Nb ions EO coefficients in 𝑟 13 , 𝑟 33 optic-geometrical configuration and combined coefficient 𝑟 𝑐 decrease in near-stoichiometric crystals.

Concerning the EO coefficient 𝑟 22 and its corresponding dielectric permittivity 𝜀 22 for Fe:LN crystals, they are in the agreement with the results reported earlier for pure LN crystals with different compositions (Xc=48,51÷ 49,95) with the same non monotonous variations with the composition [18]. Whereas the iron doping effect modified the EO and dielectric coefficients compared to the results reported for pure LN crystals especially for one with close to stoichiometric composition. The EO coefficient 𝑟 22 corresponds to a modulation of the birefringence consequently polarizability in the plane normal to the ferroelectric axis 𝑧, induced by the applied electric field along the axis 𝑦 (or 𝑥). Thus, a contribution for EO coefficient 𝑟 22 is related to the crystal deformation induced via the piezoelectric effect which gives rise to a large piezo-optic contribution to the EO coefficient and a large electromechanical contribution to the dielectric permittivity as it observed at constant stress range (in the low frequency range from acoustic resonance up to 1 MHz). In ref. [20,28],

authors shown that the behavior of 𝑟 22 and 𝜀 22 are related to the elastic contributions, mainly the elasto-optic coefficient 𝐶 44 , which is closely dependent to the Li content. They showed that this coefficient presents the same behavior of variation as EO and dielectric coefficients with composition [20,79]. For perfect crystal the elastic constant increases with the increase of defect points [80]. The reason of the non-symmetric dependence of elastic coefficients consequently observed dielectric and EO coefficients on the amount of intrinsic defects may be the presence of dislocations of main ions from their crystallographic positions due to the In 1966 at the Bell laboratories in New Jersey the light induced refractive-index variation ("optical damage") due to charge redistribution have been discovered by Ashkin et al [1]. At the same laboratory two years later refractive index variation referred as a "photorefractive effect" utilized by Chen [2] was recognized as the main attractive characterization for nonlinear performances such as holographic data storage. The photorefractive effect consists of excitation of charge carriers due to the inhomogenous illumination and appearance of modulated currents can be demonstrated by the following scheme ( The improvement of photorefractive performance of LN is controlled by crystal composition, by doping with the transition metal ions (TM) or non photorefractive ions.

Photorefractive effect as a function of crystal composition

The dependence of the optical damage on the crystal composition was investigated for the first time by Anghert et al [4] and more detailed by Furukawa et al. [5] discovering a larger optical damage for near stoichiometric crystals (NSLN). For relatively low intensity range the congruent LN crystals (CLN) exhibit more optical resistance comparing to the stoichiometric crystals (SLN) up to the certain threshold value of intensity [6] above which the situation is inversed and near stoichiometric LN crystals become more damage resistant than CLN [7].

Measured photorefractive characteristics are given in Table 4.1. The explanation of the smooth increase of optical damage with the increase of light intensity and the steeply increase of photorefractivity in the high intensity range (𝐼 > 100 -200 𝑊𝑐𝑚 -2 ) [7] for NSLN and CLN crystals respectively is the various dependence on the beam intensity which is responsible for the beam defocalization, electronic conductivity and bulk photovoltaic current.

In the high light intensity range the enhanced optical damage in CLN crystals is related to the photoinduced optical absorption via a non equilibrium population of shallow traps leading to the superlinearly dependence of the photovoltaic current on the intensity:

𝑗 𝑝𝑣 ∝ 𝐼 𝑥 (𝑥 > 1)
explained in the framework of a two-center charge transport scheme [8] (described bellow).

Photorefractive effect in LN crystals doped with transition metal impurities Photorefractive effect also may be enhanced by using the transition metals (TM) (Fe, Cu, Ce, Mn, Ni) [9,10] and especially Fe illustrates the best photorefractive properties. 𝑇𝑀 3+ ions changing lattice position are partially placed at the Nb site resulting to the decrease of the capture cross-section of electrons by these centers thus, they discontinue to be as electron traps. Therefore, the density of potential electron traps is lesser in TM doped NSLN crystals than in CLN crystals due to the variation of lattice sites of 𝑇𝑀 3+ ions. Although Fe ions are usually present in LN crystals at several ppm levels, to maximize the holographic storage the intentional introduction of Fe ions is necessary for the existence of deep trap as Fe ions capture from the shallow levels decreasing the photoconductivity. The electron migration from small polaron 𝑁𝑏 4+ to 𝐹𝑒 3+ decreases the lifetime of the intermediate level increasing the velocity of the holographic writing in the digital data storage. Particularly, Fe doped LN stoichiometric crystals illustrate about an order of magnitude higher photorefractive sensitivity required for holographic volume storage [11].

The one center model was formed to give explanation for the holographic recording in photorefractive crystals [12]. In the case of relatively low light intensity (𝐼 < 1𝑊𝑐𝑚 -2 ) the photoexcited charge transport is usually described in the frame of a band model with onecenter charge transport model (the scheme is given in The photorefraction is defined by the appearance of photovoltaic effect due to the presence of TM impurities creating photo-induced space charge field. Due to the one center charge transport mechanism TM impurities are in two charge states states (𝐹𝑒 2+ and 𝐹𝑒 3+ , 𝐶𝑢 + and 𝐶𝑢 2+ , 𝑀𝑛 2+ and 𝑀𝑛 3+ , etc.) [9] illustrated by the following scheme:

𝐹𝑒 2+ + ℎ𝜈 ⟷ 𝐹𝑒 3+ + ē
where 𝐹𝑒 2+ and 𝐹𝑒 3+ (𝐶𝑢 + and 𝐶𝑢 2+ )are electron donors and traps correspondingly.

Photorefractivity increases with the increase of [𝐹𝑒 2+ ]/[𝐹𝑒 3+

] ratio [16].

In LN crystals doped by TM impurities photovoltaic current depends on the donor concentration [9]:

𝑗 𝑝𝑣 = 𝐾 𝐺 𝑆 𝑝ℎ [𝐹𝑒 2+ ]𝐼 (4.1.1). 
The saturation value of photorefractive index δ𝛥𝑛 is proportional to

𝐸 𝑝𝑣 = 𝑗 𝑝𝑣 /𝜎 ∝ [𝐹𝑒 3+ ]
[14]. In the higher intensity range (> 10 2 𝑊𝑐𝑚 -2 ) the non linear dependence obtained between photoconductivity and light intensity 𝜎 𝑝ℎ ∝ 𝐼 𝑥 (𝑥 < 1) in BaTiO3 crystals by Valley [15] leads to the need of two (or more) center scheme whereas the thermal generation rates was not considered. In higher intensity range (> 10 2 𝑊𝑐𝑚 -2 ) when laser pulses and focused laser beam is used, the explanation of the superlinearly increase of photoconductivity with the increase of intensity, the refractive index changes depending on the light intensity, lightinduced absorption variations can be given by two-center charge transport model where intrinsic defects 𝑁𝑏 𝐿𝑖 4+/5+ Li site are also taken into account. In the model proposed by Jerman 𝑥 0 and 𝑥 + filled and empty shallow electron traps, ℎ𝜈 is photon energy [16].

Photorefractive effect in LN crystals doped with non-photorefractive ions LN crystals are also excellent candidates to use as Pockels cells for laser Q-switches as these crystals illustrate a good transmission and light extinction ratio with half wave voltage requiring to develop EO linear properties of LN crystals. In LN Pockel cells the external electric field generates a mechanical compression through the piezo-electric effect, which doesn't vanish after removing the voltage in his turn modulating the refractive index through the elasto-optic effect. Whereas the high photorefractivity is the greatest drawback for LN Pockels cells limiting the applications for Q-switch laser system with the high power [17].

The optical damage resistant impurities (𝑀𝑔 2+ , 𝑍𝑛 2+ , 𝑆𝑐 3+ , 𝐼𝑛 3+ , 𝐻𝑓 4+ , 𝑍𝑟 4+ ) [5, provide a reduction of photorefractivity from two up to four orders of magnitude due to the high suppression against the light induced scattering [22]. The results of investigation of photorefractive effect depending on the threshold concentration of non-photorefractive ions are given in Table 4.1.1. For the first time Zhong and et al. [23] reported hundredfold increase of resistance against the optical damage in congruent LN crystals doped with 4,6 mol% Mg. This result was confirmed by Bryan by investigating Mg:LN crystals with varying impurity concentration and with different stoichiometry [24]. In Li-enriched Mg:LN crystals the decrease of threshold concentration of Mg up to 0.67 mol% [25] or 0.5 mol% [26] is caused by the decrease of content of Li vacancies and Nb antisites in Li site [27]. Volk et al. suggested Zn and In ions [28] as the new members of family of optical damage resistant impurities analogous Mg ion to reduce the photorefractive damage in LN crystal. In Zn doped LN crystals the optical damage resistance was obtained at 7 mol% Zn for congruent melt [29], whereas later a threshold concentration of about 6 mol% Zn was found. This result for resistance of optical damage is two order of magnitude larger than in pure LN crystal and is similar for Mg:LN (5mol%) [29,30]. In crystals with lower Zn (<7 mol%) Zn ions incorporating onto the Li site ions replace Nb antisites in Li site, whereas at concentrations above threshold concentration Zn ions leads to the generation of disorder due to the location in both sites (Li and Nb) . The

In doped crystals exhibit a similar optical damage resistance as Zn:LN (7.5 mol%) crystals which is smaller of results obtained for pure congruent LN crystal or for Fe:LN (0.07 wt%) crystals [31]. E. Kokanyan et al. suggested to dope LN crystals with tetravalent ions Zr and Hf as new optical damage resistant dopants to achieve a reduction of refractivity with more than 2 times lower concentration than in the case of divalent impurities [26,[32][33][34][35]. The threshold concentration of In ions was found to be less than 2 mol% [22,31,36]. Photorefractive damage decreases with the increase of Sc concentration in Sc:LN crystals and it reached a saturated value at 1.5 mol% of Sc, which is larger than for 5 mol% Mg:LN crystal but smaller than in pure congruent crystals [37,38]. Thus, the threshold concentration of non-photorefractive ions depends on the valence state: for divalent ions (𝑀𝑔 2+ , 𝑍𝑛 2+ ) the threshold concentration is equal to 5-7 mol%, for trivalent (𝑆𝑛 3+ , 𝐼𝑛 3+ ) and tetravalent ions (𝐻𝑓 4+ , 𝑍𝑟 4+ )is about 2-1 mol%.

Photorefractive effect in co-doped in crystals

In LN:Fe crystals co-doped with non-photorefractive ions having a concentration even a little larger than the threshold one the photorefractive effect controlled by 𝐹𝑒 3+ centers loss their acceptor properties thus the saturation value of refractive index decreases by one order of magnitude, as in LN:Zn:Fe (6.5 mol%), In:Fe:LN (1.5 mol%) 𝛿𝛥𝑛 < 5 ⋅ 10 -5 whereas above 7.2 mol% Zn concentration 𝛿𝛥𝑛 < 5 ⋅ 10 -6 [28] thus, the value of threshold concentration Congruent Hf 4 0.14 [26],0.087 [34] Congruent Hf 6 0.323 [22],0.084 [34] Congruent Zr 2 0,3 [42] Congruent Zn 5 0.175 [22] Congruent Zn 7 0.426 [22] Congruent Zn 7.5 0.118 [31] Congruent Zn 9 0.467 [22] Congruent In 1 0.091 [22],0.289 [31] Congruent In 3 0.116 [22],0.169 [31] Congruent Fe:In 0.01wt%:1.5 0.5 [28] Congruent In 5 0.224 [20],0.089 [31] decreases [39] (Table 4.1.1). The enhanced resistance is due to the decrease of amounts of Nb antisites and Li vacancies [40]. Below the threshold concentration the optical damage resistant ions only incorporate onto the Li site decreasing the intrinsic defects which are removed at the threshold concentration [19]. Thus, for low concentrations optical damage resistant impurities considered as intrinsic defects controller (non photorefractive ions) and are analogous to Li enrichment. Due to the possibility of partial incorporation of optical damage resistant impurities also upon Nb site above threshold concentration (completely remove Nb antisites) [10] a modification of charge compensation requires. An explanation of the variation of values for threshold concentration may be given by the change compensation effect for di-, tri-and tetravalent optical damage resistant impurity ions [41].

Photorefractivity is sensitive also to the beam intensity [42] and is larger for higher intensity for undoped crystals whereas it decreases with the increase of non-photorefractive ions concentration [35,42] showing a new type of holographic recording, thus it is called anisotropic recording. The linear dependence of the photovoltaic current 𝑗 𝑝ℎ on the concentration of the filled traps was proposed by Glass et al [12,43] and usually is presented by the scalar form, as:

𝑗 𝑝ℎ = K G αI (4.2.3),
where K G is the Glass constant, I is the intensity, 𝛼 = 𝑠𝑁 is Lamberd-Beer absorption coefficient, 𝑠the cross section and 𝑁-the concentration of the photogalvanic centers.

Due to the component values of the tensor, probably the same current is detected by using a linearly polarized beam parallel to one of the three axes of the crystal which results to a 1D problem. In iron doped LN crystals the initial part of the photorefractive effect is related to the not well known phenomenological parameters: the photogalvanic length 𝐿 𝑃𝐺 and the photogeneration efficiency factor 𝜙 (referred also as quantum efficiency). The former parameter is the average position of the center where the polaron is created due to the condensation of the charge emitted recently from the donor center. As characterized the photogalvanic effect, this average varies from zero even when the external electric field isnot applied. According to the second phenomenological parameter all the absorbed photons not generate a polaron resulting to the photogalvanic process. Thus, taking also 1D problem, the photogalvanic current directed along the crystallographic axis can be rewritten including the experimental quantities [44,45]:

𝑗 𝑃𝐺 = 𝑞𝑠𝑁 𝐼 ℎ𝜗 𝜙𝐿 𝑃𝐺 (4.2.4),
where 𝑞-the charge of the photo-excited carriers, ℎ𝜗-photon energy, 𝐿 𝑃𝐺 -photogalvanic length, 𝜙 -photogeneration efficiency factor (referred also as quantum efficiency). The product 𝜙𝐿 𝑃𝐺 is an effective average distance at which a carrier appears after being kicked-out by a photon.

Obtaining experimental value of 𝑗 𝑃𝐺 it is convenient to normalize it attitude toward the charge generation rate 𝐺 (as it includes all the parameters), the effective photogalvanic length can be determined:

𝐿 𝑃𝐺 𝑒𝑓𝑓 = 𝑗 𝑃𝐺 𝐺 = 𝜙𝐿 𝑃𝐺 (4.2.

5).

𝐺 = qαI/hν the generation rate is proportional to the beam intensity and to the concentration of filled traps producing the charge carriers. Due to the interpretation of the photogalvanic effect within polaron model [45] in LN:Fe crystals the initial direction of the emitted charge as a Bloch wave is defined by the Fermi golden rule, as well as the varied matrix elements of the transition are given by the geometrical arrangement of the neighbored ions of the donor center. Thus, in this condition, the photogalvanic length in Eq. (4.2.5) is related to the average meaning of the distance traveled in different directions along the c-axis leads the polaron creation. It is assumed, that along the c axis an electron travels the several 𝑁𝑏 𝑁𝑏 -𝑁𝑏 𝑁𝑏 spacings coherently before the surround lattice relaxation to generate 𝑁𝑏 𝑁𝑏 4+ small polaron.

After the initial polaron formation stage, there are two possible choices for polaron to continue a life: to travel away or to return the same initial formation position. Both actions are thermally activated whereas with a varied energy barrier which gives a possibility for the microscopic interpretation of the quantum efficiency in Eq. (4.2.5), indicating the probability no return of the polaron to the generation site [46]. In this condition those surviving polarons after an essentially long time are the successful in the jumping away and those ones lost any memory about the starting site. The parameter 𝜙 illustrates the temperature dependent as it can be identified by thermally activated processes. § 4.

Photoconductivity

The term photoconductivity is the result of the excitation of the free charge carriers via the absorption of light and in the frame of a band model with one-center charge transport model photoconductivity is characterized as [9,13]: The former demonstrates the dominant role only in high temperature regime thus, this term can be neglected [47].

𝜎 𝑝ℎ =
Taking into account the significance of the photoconductivity as one of the observed quantities the essential literary results of the past investigations are given below.

Photoconductivity as a function of crystal stoichiometry

The most efficient resistance of the optical damage is to increase the photoconductivity, which can be achieved in Li-enriched crystals [8,48] as well as by adding nonphotorefractive impurities to the crystal composition [6]. In near stochiometric LN crystals as well as crystals doped by nonphotorefractive ions (Mg, Zn, In, Sc, Hf) for an increase of photoconductivity two possible explanations exist: the decrease of the trapping rate (coefficient 𝛾 is reduced)

and the longer movement of photo-excited charge carriers in the band. An alternative explanation is the increase of the charge carriers mobility due to the less intrinsic defects (𝑉 𝐿𝑖 vacancies and 𝑁𝑏 5+ ions in Li site) disturbing the charge transport and resulting to the increase of the charge carrier mobility μ. In the relatively low intensity range with the increase of refractive index change the decrease of photoconductivity would be obtained for stoichiometric crystals whereas photoconductivity demonstrates the rise with the increase of stoichiometry [49]. The characterization of photoconductivity as function of crystal composition is given in Table 4.3.1.

Photoconductivity in LN crystals doped with transition metal impurities Photoconductivity is highly sensitive to the presence of defects contributed to the crystalline structure of the material and as well as the impurities in a crystal. The major processes corresponded to the photoconductivity are optical absorption leading to the production and increase of free carriers which may be due to the intrinsic photoexcitation effect from the valence band to the conduction band by which free carriers are created. The electrical transport of free carriers in the conduction band, capture of them leading to recombination, and the thermal excitation trapped carriers to the nearest band contribute to the electrical conductivity.

Photoconductivity is governed by the photo-excited electron transport between donor and acceptor centers in the frame of one center charge transport model where photoconductivity is linearly proportional to the light intensity for relatively low intensity range (< 10 3 𝑊𝑚 -2 )

and to the reducing degree at the same time [50]. However, in the higher intensity range (> 10 2 𝑊𝑚 -2 the photoconductivity exhibites the non-linear (quadratic) dependence on the light intensity 𝜎 𝑝ℎ ∝ 𝐼 𝑥 (𝑥 < 1) [51]. For high intensity range, the additional centers are largely populated, and transitions from these centers significantly affect the light-induced charge transport. They become filled in a wide range of the impurity concentrations, however, are no more valid in very highly doped LN:Fe crystals. Additional evidence of 𝑁𝑏 𝐿𝑖 antisites as shallow electron traps with the traditional 𝐹𝑒 2+ donor and 𝐹𝑒 3+ acceptor centers is given by an enhanced σph in stoichiometric crystals where NbLi content is reduced up to the minimium value. An increase of 𝜎 𝑝ℎ in Li-enriched crystals may be caused by a partial incorporation of 𝐹𝑒 3+ ions onto the Nb site thus, 𝐹𝑒 3+ losses its electron acceptor properties and the charge transport scheme was changed [8]. At higher intensities the photoconductivity is always proportional to the concentration ratio 𝑁 𝐹𝑒 2+ /𝑁 𝐹𝑒 3+ [52]. According to the two center model the nonlinear dependence of 𝜎 𝑝ℎ on the intensity [51,53] can be explained by the lower concentration of 𝐹𝑒 3+ and removing of 𝑁𝑏 𝐿𝑖 in crystals doping with non-photorefractive ions.

Electron and hole competition and the dependence of photoconductivity on the reducing degree Orlowski and Kratzig by beam-coupling measurements illustrated the possibility of electron and hole contributions to photoconductivity simultaneously [54]. Physically different models describing charge carriers transport were proposed by Valley [15]and by Strohkendl, Jonathan

and Hellwarth [55]. The first model considers one center model when valence band electrons thermal and light-induced excite into 𝐶 0 and recombinated from 𝐶 -with valence band holes.

The second model considers two centers, when electrons or holes predominate in every center.

In the visible spectral range electrons exciting from the impurity donor centers (𝐹𝑒 2+ , 𝐶𝑢 + ) migrate in the conduction band by giving rise to the photovoltaic effect, then trapped by acceptor impurity centers (𝐹𝑒 3+ , 𝑀𝑛 2+ , 𝐶𝑢 2+ ) [13,41]. In the near UV spectral region the additional second mechanism is determined by optical excitation electrons from oxygen 𝜋 orbitals forming valence band to 𝐹𝑒 3+ or 𝐶𝑢 2+ The generated holes migrate in the valence band until they trapped by acceptor centers (𝐹𝑒 2+ , 𝐶𝑢 + ). The electron/hole life time is reciprocally proportional to the acceptor concentration. In crystals doped with transition metal ions the main transport mechanism is the bulk photovoltaic effect and electrons predominate [54].

Photoconductivity is proportional to the reducing degree 𝐶 𝐹𝑒 2+ /𝐶 𝐹𝑒 3+ [54,56,57] which is the ratio between the concentration of filled (𝐹𝑒 2+ ) and empty (𝐹𝑒 3+ ) electron traps in the band transport model and it increases with the rise of this ratio whereas it doesn't depend on the entire Fe-content for the concentrations smaller than 0.1 wt.% [58]. On the other hand another holographic exploration for Fe doped LN crystals with different impurity concentrations bigger than 0.1 wt.% illustrated photoconductivity as a function of the total iron concentration thus photoconductivity increases with the increase of iron concentrations exceed 𝐶 𝐹𝑒 =0.06 wt. %. In pure oxygen atmosphere the increase of the temperature of about 1000°C oxidizes the iron ions to 𝐹𝑒 3+ , whereas the heating in argon atmosphere or vacuum (low oxygen partial pressure) reduces the Fe ions to 𝐹𝑒 2+ .

In highly iron-doped and strongly oxidized (𝐶 𝐹𝑒 2+ /𝐶 𝐹𝑒 3+ > 0.01) LN crystals the hole transport predominates at shorter wavelengths (near UV spectral range) whereas for smaller iron concentration (𝐶 𝐹𝑒 2+ /𝐶 𝐹𝑒 3+ < 0.08) electron process predominates [54]. The results of holographic measurements to estimate the different charge carrier contributions to the photoconductivity are determined also for oxidized and reduced Fe:LN and LN:Cu crystals with different impurity concentration by direct photoconductivity experiments realized In the visible spectra range [13,58] the electron charge transport predominates over the entire oxidization/reduction range for oxidized and reduced Fe:LN and Cu:LN crystals and in the near UV ragion the dominant electron transport was obtained only for reduced crystals with ((𝐶 𝐹𝑒 2+ /𝐶 𝐹𝑒 3+ > 0.1). Whereas for crystals with (𝐶 𝐹𝑒 2+ /𝐶 𝐹𝑒 3+ < 0.1) the hole contribution predominates demonstrating the increase with the decrease of reducing ratio. In the visible region photoconductivity can be increased by reduction treatment, in the near UV region it can be increased by oxidation [58].

Non photorefractive impurity-controlled photoconductivity A mentioned above to increase photoconductivity, which is the dominant reason for the optical damage resistance, LN crystals usually are doped by Mg , Zn, In, Sc, Hf, Zr non photorefractive ions [22,26,32,48,59,60]. The values of photoconductivity depending on the threshold concentration of non-photorefractive ions is given in Table 4.3.1. In LN crystals the presence of optical damage resistant ions increases the photoconductivity by two order of magnitude compared to the stoichiometry pure LN crystals. Especially the value of threshold concentration of non-photorefractive ions is lower in crystals with stoichiometric composition [5,26] than in congruent crystals [22,49]. In crystals doped with non-photorefracive ions above threshold concentration the photoconductivity increases with the growth of optical damage resistant ions concentration leading to the increase of hole contribution to the photoconductivity, thus the photovoltaic current decreases as it is related to the photo-excited electrons only [22,59].

Due to dependence of 𝜎 𝑝ℎ on the free charge carriers the threshold value corresponds to the incorporation of resistant ions onto the Nb site and the minimizing of Li vacancies. The increase of 𝜎 𝑝ℎ is related to the decrease of 𝑁𝑏 𝐿𝑖 centers as electron traps [8]. As at the threshold concentration non-photorefractive ions incorporate partially onto the Nb site for self compensation minimizing Li vacancies content, thus above threshold concentration deep 𝐹𝑒 3+ and shallow 𝑁𝑏 𝐿𝑖 traps as well as 𝑉 𝐿𝑖 disappear. On the other hand the electron contribution to the 𝜎 𝑝ℎ increases bellow threshold value, whereas above threshold concentration the hole contribution increases with the increase of concentration of non photorefractive ions and above threshold value the disappearance of Li vacancies which are the most hole traps, results to the increase of the hole 𝜎 𝑝ℎ .

The incorporation of TM and non photorefractive ions

With the development of two-color holographic recording the influence of lanthanide ions (𝐿𝑛 3+ ) with the transition metal ions on the PC effect also was observed. The occupation of LN lattice by TM and 𝐿𝑛 3+ ions was the debated subject for research groups as these ions seems to keep either Li, Nb, empty oxygen octahedron or interstitial sites. Iron ions with two valence charges 𝐹𝑒 2+ and 𝐹𝑒 3+ are localized in the band gap and the ratio between charge state can be varied by reducing and oxidation annealing treatments [19]. 𝐹𝑒 2+ ions incorporate only onto the Li site, however 𝐹𝑒 3+ ions partially localized in Nb site (EPR spectra for 𝑇𝑚 3+ and 𝐿𝑛 3+ ) or in Li site for congruent crystal [61]. Unlike TM impurities 𝐿𝑛 3+ (Nd, Er) mainly incorporate onto Li site less depend on the crystal composition.

In co-doped crystals photoconductivity by a factor about four is larger than in Fe:LN crystals for certain [𝐹𝑒 2+ ]/[𝐹𝑒 3+ ] ratio [57]. With the increase of non photorefractive ions concentration additional 𝐹𝑒 𝑁𝑏 3+ centers appear. Feng et al [62] According to the explorations of the structure of 𝐿𝑛 3+ and non photorefractive ions codoped crystals the partial incorporation of 𝑁𝑑 3+ ions onto the Nb site was found at 5% Mg concentration in Mg:Nd:LN crystals whereas at the same time the partial incorporation of Nd ions onto the empty oxygen octahedra also was found at high Mg concentration [64].

The increase of 𝜎 𝑝ℎ above threshold concentration of non photorefractive ions may be caused by the increase either the mobility or capture cross section or lifetime or variation of free charge carriers. In the framework of one center scheme the dependent of 𝜎 𝑝ℎ on the mobility 𝜇 was proposed by Sommerfeld et al. [57] as electron mobility rises above the threshold concentration depending on the scattering of the doping carriers changed by Mg or Zn ions.

However Garcia et al. [64] proposed the independence of 𝜇 for 𝜎 𝑝ℎ by studying LN, Mg 5%:LN, Fe:Mg 5%:LN crystals. 𝜎 𝑝ℎ as a function of temperature is described by the following expression:

𝜎 = 1620 𝑒𝑥𝑝(-𝐸 𝑎 /𝑘𝑇) (4.3.5),

with 𝐸 𝑎 = 1,2 𝑒𝑉 activation energy. Thus, it was assumed that the 𝜎 𝑝ℎ increase was not related to the change of 𝜇.

The other reason of an increase of 𝜎 𝑝ℎ is the decrease of a capture cross section of electrons by Fe 3+ at high Mg (or Zn) doping concentration more than two orders of magnitude.

Photoconductivity as a function of temperature

According to the investigations of the photoconductivity as function of temperature performed for large temperature range it increases with an increase of the temperature [65,66]. The growth of photoconductivity was found at higher temperatures and above 1000°C it remains constant. The origin of the completely ionic photoconductivity at the high temperature is the decrease of refractive index by about two orders of magnitude obtained by the holographic experiments with continuous wave light [67]. Besides photoconductivity, the photovoltaic current also increases with the increase of the temperature whereas current density is proportional to the concentration of donors and it was assumed that optical excitations of electrons to the conduction band from impurity centers in donor states gives rise to a bulk photovoltaic effect.

refractive indices in the illuminated part via the linear EO effect. In LN crystals taking into account that the photovoltaic mechanism is dominant photo-induced refractive index change can be represented as [68]:

𝛿∆𝑛 = 𝑅 𝑒𝑓𝑓 𝐸 𝑠𝑐 = 𝑅 𝑒𝑓𝑓 𝑗 𝑃𝐺 𝜎 𝑝ℎ +𝜎 𝑑 (4.4.1),
𝑅 𝑒𝑓𝑓 is the effective electro-optic coefficient. Here it is considered that the diffusion current is negligible and the photogalvanic current is represented as:

𝑗 𝑑𝑟𝑖𝑓𝑡 = 𝜎𝐸 (4.4.2).
The development of the electric space charge field for 1D geometry which accepts the form of a saturated exponential time evolution can be scalar approximated [68,69]:

𝐸(𝑡) = 𝐸 𝑠𝑎𝑡 (1 -exp (- 𝑡 𝜏 𝑑 )) (4.4.3).
The dielectric relaxation time 𝜏 𝑑 can be expressed via the conductivity and the dielectric coefficient as: In accordance with these conditions the intensity profile at the input surface of the sample can be expressed as: central peak contain the information about Δ𝜑. As fringes of the obtained interferometric image in real space are tilted by 45° angle from the vertical direction thus, in the Fourier image this two satellite dots were placed also at the same angle. In the frequency space the other dots were also located which were related to the other interferometric patterns in the real space.

𝜏 𝑑 = 𝜀𝜀 0 𝜎 𝑑𝑎𝑟𝑘 +𝜎 𝑝ℎ
𝐼(𝑥) = 𝐼 0 exp (- 𝑥 2 2𝑤 2 ) ( 4 
Then the bandwidth filter was applied in the frequency space to separate the domain frequency from the whole special frequency spectrum of the holograms. By replacing the window with 𝒌 0 to the center of the Fourier space the reconstruction of the object beam 𝑜(𝑥, 𝑦)was realized with the help of the inverse Fourier transform of the object beam frequency spectrum 𝑂(𝜉, 𝜂) [74]. This reconstructing process can be expressed as

𝑜(𝑥, 𝑦) = 1 𝑟 0 𝐹 -1 {𝑟 0 𝑂(𝜉, 𝜂)} (4.5.2.1),
where 𝐹 -1 {𝑟 0 𝑂(𝜉, 𝜂)} is the inverse Fourier transformation and 𝑟 0 is the amplitude of the object beam and demonstrates the constant value. Therefore, 2𝐷 wrapped phase of the objective beam can be obtained from the following equation:

𝜑(𝑥, 𝑦) = 𝑎𝑟𝑐𝑡𝑎𝑛 { 𝐼𝑚[𝑜(𝑥,𝑦)] 𝑅𝑒[𝑜(𝑥,𝑦)] } (4.5.2.2),
where 𝐼𝑚[𝑜(𝑥, 𝑦)] and 𝑅𝑒[𝑜(𝑥, 𝑦)] are correspondingly imaginary and real parts of the phase of the objective beam. The Fourier transformation was performed by using Micro Manager MM studio computer program, due to which the Fourier space was obtained from the real space of the image of fringes to determine wrapped phase map [75].

Obtainment of unwrapped phase map from wrapped phase map using Miguels algorithm.

According to the FFT transformation the wrapped phase map was obtained and then it was transformed on to the unwrapped map with the help of Miguel 2D unwrapper computer program using the 2D-SRNCP algorithm [76]. The information about the phase shift depends on the beam phase front shape, surface defects as well as the intrinsic transmittivity of the crystal thus to avoid this problem, a reference image obtained before the refractive index variation was considered as background and was subtracted from others.

The phase of the object beam is varied from 0 up to 2𝜋, then from 2𝜋 to 0 and the variation continues with the same temp: Δ𝜑∊[0, 2𝜋]( To analyze the phase shift delay, the measured Δ𝜑 along y was averaged, due to this fact that the beam is invariant along this direction by construction and finally a 1𝐷 phase profile Δ𝜑(𝑥) is obtained. To obtain a 1𝐷 profile Δ𝜑(𝑥, 𝑡) the phase profile given in After unwrapping the information about the refractive index modification can be determined including in the phase shift of the fringe pattern of the interferogram in the 150 K-300 K temperature range described by the following expression:

△ n = 𝜆Δ𝜑 2𝜋𝐷 (4.5.2.3).
where 𝜆 = 534 𝑛𝑚 is the wavelength of the probe laser beam, Δ𝜑-is the phase shift, 𝐷-is the thickness of the crystal.

Eq. (4.5.1.1) can be used when the intensity profile of the beam is stable along the propagation distance. Taking into account the absorption of the understudy samples the equation of the intensity can be rewritten:

𝐼(𝑥, 𝑧) = 𝐼 0 exp (- 𝑥 2 2𝑤 2 -𝛼𝑧) (4.5.2.4),
where 𝛼 -is the measured absorption coefficient (See Section 1). Thus, the space charge field as a function of the space and time, can be expressed as [80]:

𝐸(𝑥, 𝑡) = -𝐸 𝑠𝑎𝑡 [ 𝐼(𝑥) 𝐼(𝑥)+𝐼 𝐷 ] • [1 -exp (- 𝑡 𝜏 𝑑 (𝑥)
)] (4.5.2.5).

To solve analytically the problem of the instability of the parameters which depend on the intensity is very hard [81], however the solution for 1𝐷 model can be found rewritting the Eq. )] (4.5.2.6).

Eq. (4.5.2.6) demonstrate the dependence of the parameter 𝐸(𝑥, 𝑧, 𝑡)on the 𝑧 direction. Here the "local" approximation [80] was used, when the parameters which indicate the dependence on the intensity were expressed by the "local" intensity value in the case of the uniform illumination or/and slow variation of the illumination profile. According to the linear electro-optic effect the refractive index variation can be expressed via the space charge field taking into account the dependence of the last parameter on the z direction:

∆n(x, z, t) = Here

ℰ 𝑖 (𝑥) = -∫ 𝑒 -𝑡 𝑡 ∞ -𝑥
is the exponential integral function. By fitting the experimental value of the phase shift at z = 0 related to the beam intensity 𝐼 0 reported in Eq. (4.5.2.4) the refractive index modulation for the stationary situation ∆𝑛 𝑠𝑎𝑡 with 𝜏 𝑑 (0,0) was calculated using Eq. It is also visible from the results that saturation space charge electric field 𝐸 𝑠𝑎𝑡 is proportional to the [𝐹𝑒 3+ ] concentration reported earlier [START_REF] Peithmann | Photorefractive Properties of Highly Doped Lithium Niobate Crystals in the Visible and Near-infrared[END_REF], which is expectable from the photoconductivity measurements. However, the obtained values at room temperature were smaller compared to the previous results [START_REF] Grousson | Measurement of Bulk Photovoltaic and Photorefractive Characteristics of Iron Doped LiNbO3[END_REF] paying attention on the variation of Fe concentration. This difference emphasizes the fact that dark conductivity 𝜎 𝑑𝑎𝑟𝑘 of the probed samples keeps the nonzero value (Eq. 4.4.5). for every jump is randomly, but it is weighted by hopping frequency to each possible destination sites. According to the main approach the generation of polaron in a random position is considered for LN:Fe lattice. The random motion as well as randomly hops among the different sites have been investigated. The rest time on each visited site and the next destination site as well were computed by using the Marcus-Holstein hopping frequency. The relaxation time, as well as the type and the number of sites visited before polaron is trapped by a perfect trap (𝐹𝑒 3+ trap) also the final position have been calculated by a classical Gillespie algorithm [START_REF] Mhaouech | Temperature Dependence of Small Polaron Population Decays in Iron-doped Lithium Niobate by Monte Sarlo simulations[END_REF]. All the simulation is repeated with a high number of polarons in order to reach the satisfactory statistics for the average distance along the field direction for running particles before trapping. The computed results have been used for the explanation of the experimental results.

Within band model both assumptions are justified, however more careful verification is necessary in the case of polaron transportation. For example, normal diffusion laws may not be tested [100] for a jumping polaron on a defective lattice with a distance-and energydependent hopping frequency (Marcus-Holstein polaron hopping model). As well as an equation described the polaron trapping rate in the frame of band models should be related to the monoexponential decays of a polaron population which are formed by a short beam pulse, meanwhile the decays of the polaron are characterized by a Kohlrausch -Williams-Watt law corresponding to a heavy-tailed distribution of the capturing times [START_REF] Imlau | Optical Nonlinearities of Small Polarons in Lithium Niobate[END_REF] . To avoid above described problems is more reasonable to observe as a parameter product 𝜇𝜏 than those separately. According to the physical meaning, this product is the average drift length (the displacement of the hopping particle) < 𝓏 > which is a polaron runs from the formation site up to the captured place under a unit electric field. The ratio of the mentioned parameters < 𝓏 > and the electric field 𝐸 is referred as an operative definition such as the drift coefficient:

Λ =< 𝓏 >/𝐸 (4.7.2.1).

In general, this definition is useful as the parameter < 𝓏 > remains proportional to the electric field magnitude even in the case of the anomalously diffusing particles [100]. § 4.8. Yields

The drift coefficient

As discussed above the fundamental result of Monte Carlo simulation is the drift coefficient Λ which is the spacing that run the polaron from its generation to the capturing due to the influence of the unitary electric field. In However, Λ parameter demonstrate the trend of increase with the increase of stoichiometry of the sample due to this fact that a higher trap concentration disturbs the charge displacement in samples with low Li concentration. This samples of a serious illustrate a tend of decrease with the decrease of the temperature and the increase of antisite concentration. Whereas in samples of b serious value of Λ parameter is higher due to the high 𝑁𝑏 𝐿𝑖 concentration. In Trapping regime: At enough low temperature the hopping frequency between Fe trap centers dominates for all types hopping increasing the probability of the direct trap of polaron.

According to the results of the simulation the newborn polaron can be captured by the trap center being far from it about several tenths of Angstroms. The trapping radius which is the distance of Fe trap center by which polaron can be captured than to jump away increases from 20Å to 40Å with the decrease of room temperature down to 150 K [START_REF] Mhaouech | Temperature Dependence of Small Polaron Population Decays in Iron-doped Lithium Niobate by Monte Sarlo simulations[END_REF]. The trapping volumes start occupy more spaces with the decrease of the temperature of the samples resulting to the capture of polarons within few jumps.

Photogalvanic length

Taking into account the independence of the parameter 𝐿 𝑃𝐺 of the temperature and the sample the value for it assumed 𝐿 𝑃𝐺 = (1.44 ± 0.05)Å which is in agreement with the literature result for Fe ions excited by visible light [45]. Above mentioned value may be compared to the absolute spacing of the hop covered by the photo-excited "hot" electrons before condensation into polaron. However, this absolute distance is larger being equal about 23 Å. This fact can be explained that the newborn charge is emitted probably isotropically as well as the average movement which keeps the nonzero value is a little fraction of the electron run distance before the self-localization.

Photogeneration coefficient

The assumed value of 𝐿 𝑃𝐺 allows as to obtain also the photogeneration efficiency ϕ as a function of the temperature and the crystal composition (at higher temperature). The quantity ϕ is equal to about 15% (for LN:Fe1-1÷LN:Fe1-3 samples) and 10% (for LN:Fe2-1÷LN:Fe2-3 samples) at room temperature and it decreases to 5% at 150K temperature. The investigated results illustrate the dependence of the Charge carrier generation probability on the temperature as well as on the wavelength [START_REF] Grousson | Measurement of Bulk Photovoltaic and Photorefractive Characteristics of Iron Doped LiNbO3[END_REF]. According to the Marcus-Holstein polaron hopping model the after the starting thermalization stage the newborn (hot) particle is able to hop a spacing of the order 20 Å at room temperature from its generation initial site to the trapped site. There are two ways for polaron to continue the life: or run away either to return to the initial site where it starts a hop from. Both types of processes are thermally activated whereas with different energy barrier (See Marcus-Holstein polaron hopping frequency).

According to this report the microscopic interpretation of the photogeneration coefficient is the probability of the polaron to hop away thus, not to return to the initial generation site [46]. According to the realized analyses at the essential low temperatures a limiting capturing regime must be achieved where the significant number of light induced particles would be captured in a single jump. This regime can be characterized as "photon-assisted jumping" situation in which due to the smallest drift coefficient the saturation space charge field is too higher and provides the excluding of the parallel relaxation channels.

Conclusion

1. EO and dielectric coefficients remain quazi constant in congruent crystals LN:Zr with the varied 𝑍𝑟𝑂 2 concentration from 0 mol % to 2.5 mol % excluding a kink at 2 mol % considered as the threshold Zr concentration.

2. In LN:In congruent crystals with the various concentration of 𝐼𝑛 2 𝑂 3 (from 0.12 mol% to 1.7 mol%) EO 𝑟 222 and dielectric coefficients 𝜀 22 possess only a small acoustic contribution attributed to decrease of optical damage related to the smaller deformation parallel to the 𝑋 (𝑌) axis induces by the applied electric field. (0,02%mol, 0,05%mol, 0,1%mol), dans la zone éclairée en utilisant un faisceau laser de longueur d'onde de 543 nm, l'efficacité de la photogénération des petits polarons électroniques diminue de 2 à 3 fois avec la diminution de la température dans la plage allant de la température ambiante à 150 K en raison de l'augmentation du rayon de la zone de piégeage où les centres donneurs sont également considérés comme des centres de piégeage, ce qui entraîne une diminution de la fréquence de saut des porteurs de charge libres.

8. Dans les cristaux LN:Fe (0,11 mol%), de différentes compositions (Xc=48,45-49,49 mol%) et dans les cristaux LN:Fe congruents avec différentes quantités de Fe (0,02%mol, 0,05%mol, 0,1%mol) dans la zone éclairée en utilisant un faisceau laser vert, le coefficient de dérive des petits polarons électroniques diminue avec la diminution de la température dans la plage allant de la température ambiante à 150 K et avec l'augmentation des défauts dans le cristal due à l'augmentation du rayon de piégeage de la surface diminuant la fréquence de saut des porteurs de charge libres.
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 1 Figure 1: The primitive rhombohedral cell of LN crystals.
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 2 Figure 2: Atomic arrangement of the LN structure along the c axis.

Figure 3 :

 3 Figure 3: The structure of LN by using hexagonal axes.
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 3 Positions of atoms in the lattice (Nb is taken as the origin) cleaves along {011 ̅ 2} planes and there are three cleavage planes {011 ̅ 2}, {1 ̅ 012} and {11 ̅ 02}

  3 + 𝑁𝑏 2 𝑂 5 → 2𝐿𝑖𝑁𝑏𝑂 3 + 𝐶𝑂 2

  incident X-rays, the incident angle of the beam 𝜃 and the spacing d between the crystal lattice planes of atoms. (Figure 2.1.1)[17].

Figure 2 .

 2 Figure 2.1.1. X-ray diffraction from lattice planes of crystals.

  diffracted in phase will QJve a signal. "ln phase" means that the peak of one wave matches the peak of the following wave.Diffraction occurs ONL Y when the distance travelled by the parallel X-rays are an integer of the wavelenqth.

Figure 2 . 1 . 2 :

 212 Figure 2.1.2: X-ray emission spectrum of X-ray source used and the origin of 𝐾 𝛼 and 𝐾 𝛽 lines resulted 𝐾 𝛼 line from transitions between 𝐿 and 𝐾 shell, when 𝐾 𝛽 creates due to the transition from an 𝑀 to 𝐾 shell.En.ergy
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 2111 Figure 2.1.1.1: The powder of Fe:LN crystal.
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 2112 Figure 2.1.1.2: Prepared Fe:LN powder specimen onto the peace of nontransparent glass.
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 2113 Figure 2.1.1.3: The structure of the Philips MRD.
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 2114 Figure 2.1.1.4: Scheme of the principle of "Bragg-Brentano" geometry.

  . . . . . ....DetectorA diffraction pattern plotting the intensities and the positions of the diffracted peaks of radiation against the angular 2𝜃 position of the detector, produces a two dimensional pattern called diffractogram which typically contains many distinct peaks, each corresponding to a different interplanar spacing. In a diffraction pattern, the peak positions depending upon the wavelength and determine interatomic distances thus, the position of a diffraction peak is determined by the size and shape of unit cell of the crystalline phase. The intensity illustrating the relative strength of the diffraction is proportional to the number of X-ray photons of a particular energy that have been counted by the detector for each angle 2𝜃 determining an atom types and position. Peak size broadening gives information about the instrumental factors, the presence of defects, differences in strain, size of the crystallites. § 2.1.2. Results and discussion.
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 212 Figure. 2.1.2.1 a: XRD spectrum for sample LN:Fe1-1.
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 22122122 Figure. 2.1.2.1 b: XRD spectrum for sample LN:Fe1-2.
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 212 Figure 2.1.2.2 c: The results of the comparison of the experimentally obtained XRD spectrum for sample LN:Fe1-3 with the reference for pure LN crystal from the ICSD.
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 2123 Figure 2.1.2.3: Lattice 𝑎 and 𝑐 parameters obtained for LN:Fe1-1, LN:Fe1-2, LN:Fe1-3 samples.
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 221 Figure 2.2.1: Interaction of photons with the substance.
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Indeed, at room

  temperature lithium niobate (LN) crystals belong to the 𝑅 3 𝐶 space group (𝐶 3 𝑉 or 3𝑚 point group), thus, the representation of the phonons at Brillouin zone center 𝑞 ≈ 0, are given as: 5𝐴 1 + 5𝐴 2 + 10𝐸, where one 𝐸 and 𝐴 1 are acoustic phonons and the all remaining phonons are optical. 𝐸 and 𝐴 1 optical modes are active, whereas 𝐴 2 phonons are inactive. 𝐸 optical modes contribute to the dipole moment along 𝑥 or 𝑦 when 𝐴 1 optical phonons are associated to diploe moment along 𝑧 axis. Raman optical modes are referred as transverse optical (𝑇𝑂) and longitudinal optical (𝐿𝑂) lines depending on the perpendicular or parallel polarization respectively, to the propagation direction of phonon. The Raman tensors are expressed as:
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 222 Figure 2.2.2: Vibration of 𝐴 1 (𝑇𝑂) phonons interacting with LN.
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 2 Figure 2.2.1.1: LabRAM HR Evolution Raman spectrometer.
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 2212 Figure 2.2.1.2: The principle of the Raman backscattering spectroscopy.
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 32221 Figure 2.2.2.1: 𝐴 1 (𝑇𝑂) Raman spectrum of Fe:LN crystals in the 𝑌(𝑍𝑍)𝑌 configuration.
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  .1.1, 2.3.1.2) has been used in transmission mode, with beam polarized in 330-850 nm range and with bandwidth 1nm.

Figure 2 . 3 . 1 . 1 :

 2311 Figure 2.3.1.1: Scheme of the Jasco V670 spectrophotometer used for optical absorption measurements. It is a double beam spectrophotometer operating in a wide range of wavelengths from 200 to 3200 nm. It is equipped with two lamps (deuterium lamp from 190 to 350 nm, halogen lamp from 330 to 3200 nm), a dual-grating monochromator, two detectors (a photomultiplier tube and a Peltier-cooled PbS detector). It is equipped also with an optional rotating sample holder, and an optional polarizing window made of a Glan-Taylor calcite prism.
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 231212313 Figure 2.3.1.2: Jasco V670 spectrophotometer.
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 2321 Figure 2.3.2.1: 𝐹𝑒 3+ amount in the LN:Fe crystals of different compositions.

  values of the impermeability tensor 𝑩 𝑖𝑗 . The electro-optic coefficients are determined traditionally as [1
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 31 Figure 3.1: Frequency response of dielectric mechanisms.

Figure 3 . 2 :

 32 Figure 3.2: Loss tangent vector diagram.
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  moments are oriented randomly consequently leading the absence of the polarization. The external electric field E realizes a torque T on the electric dipole shown in Figure3.3, resulting the rotation of the dipole in order to align with the electric field causing the appearance of the orientation polarization. The torque also changes with the variation of the field direction.

Figure 3 . 3 :

 33 Figure 3.3: Dipole rotation in electric field.

  symmetry variation of EO coefficients for mentioned pure crystal a new model of intrinsic defects was proposed by F. Abdi, M. Aillerie and the others [28] since existing several models not able to describe the complicated dependencies on the crystal composition shown by electro-optic coefficients. Due to the suggested two versions (Li and Nb vacancies model) of this new model when one kind of this vacancies disappears in the intermediate crystal, EO coefficients are affected by an amount and site occupation of niobium ions.

  5% LN:Mg. According to the defect model proposed by Grabmaier et al. [33] the increase of Mg concentration leads to the decrease of Nb antisites in Li sites varying the physical properties of LN:Mg: crystals as Mg ions incorporate onto Li sites. Above 4.5 mol% concentration Mg ions occupy both Li and Nb site accompanied by the decrease of Nb vacancies. Due to the other explanation [34] the oxygen octahedron is distorted with the increase of Mg concentration resulting to the change of physical properties of Mg doped LN crystal.

  § 3.1.1.1. One-Beam Senarmont-Type Ellipsometric Technique In general, the one-beam Senarmont-type ellipsometric technique is applied for the observations of combined coefficient 𝑟 𝑐 and EO linear coefficient in 𝑟 22 opto-geometrical configuration. The scheme and the picture of the Senarmont technique are shown correspondingly in Figures 3.1.1.1.1 and 3.1.1.1.2.

Figure 3 .

 3 Figure 3.1.1.1.: Schematic Senarmont setup for measurements of EO 𝑟 22 , 𝑟 𝑐 coefficients"(Basic arrangement of the optical components in the PSCA type of modulator). In figure it is shown the arrangement for r22 opto-geometric configuration.

Figure 3 .x

 3 Figure 3.1.1.1.2: The Senarmont compensation one-beam ellipsometric setup (LMOPS laboratory).

Figure 3 . 2 π.

 32 Figure 3.1.1.1.3: Geometry of the incident beam and applied electric field for 𝑟 22 optogeometric configuration.

  possible if special cares associated to the differential measurements are done, we can deduce from Eqs. 3.1.1.1.5 and 3.1.1.1.6, that the total phase retardation of the crystal sample submitted to an electric field 𝐸 can be expressed by: 𝑛3 𝑟 𝑒𝑓𝑓 𝑉 (3.1.1.1.7), where Γ(𝐸) is the EO phase retardation induced by the applied field 𝐸, 𝑉 is the voltage applied to the sample and d is the distance between the two electrodes in contact with two opposite facets of the crystal [1, 66, 67]. In the general case, when the applied voltage 𝑉 is composed by a dc and an ac component, i.e. by 𝑉 𝑑𝐶 and 𝑉 𝑎𝐶 which create in the sample the dc and ac phase retardations Γ 𝑑𝑐 and Γ 𝑎𝑐 , respectively.In what follows, more thoroughly the case of a typical IM-EO system must be considered, based on the classical one-beam Sénarmont ellipsometric setup in the transverse configuration i.e. when the applied electric field is normal to the light beam. Under the above conditions, the optical transmission throughout the entire system is ruled by the I-ϕ transfer function[61] factor 𝑇 0 standing for the losses of light by the system's components, 𝐼 0 and 𝐼(𝜙), correspondingly the incident and the emerging light intensities and with the phase shift controlled electro-optically with the azimuthal position of the analyzer 𝛽. 𝜙 = Γ -2𝛽 (3.1.1.1.9). It is to be noted that in a Sénarmont arrangement, as shown by Eq. 3.1.1.1.9, the relation between Γ and 𝛽 is strictly linear representing a huge advantage in the compensation process and in some relative methods for the determination of the EO coefficients, as we will see below. In an EO-modulation system the position of the operating point over its characteristic curve 𝐼 = 𝐼(𝜙) is established by the opto-electronical bias of the system 𝜙 defined by 𝜙 = Γ ̅ -2𝛽 with Γ ̅ denoting the static phase retardation of the crystal sample, including the spontaneous or natural retardation of the sample and the dc phase retardation. In one-beam systems the compensation of the natural retardation (0) of the used EO crystal can be achieved either by applying a dc voltage onto the sample producing a phase shift 𝛤 = -(0) or by setting the analyzer at an azimuthal angle. Usually the experimental solution for the optical compensation is preferred due to the following advantages: a supplementary voltage source isn't required to avoid a damage of the sample or an electrical fatigue, on the other hand the relaxation effects are excluded allowing a precise compensation even varied in the measurements. The applied external electric field induces a phase retardation (𝐸) resulting to the shift of the operating point along the transmission curve plotted in Figure 3.1.1.1.4. Here the transmission ratio can be expressed as a function of phase 𝛤 retardation and applied voltage: 𝑉/𝑇 = 𝐼/𝐼 0 = 𝑓𝑐𝑡(𝛤) = 𝑓𝑐𝑡(𝑉).

Figure 3 . 1 . 1 . 1 . 4 :

 31114 Figure 3.1.1.1.4: Characteristic EO curve 𝑇 = 𝐼/𝐼 0 of optical setup used for linear electrooptic measurements as function of applied V voltage and as function of total phase 𝛤 retardation.

Figure 3 .

 3 Figure 3.1.1.2.2: Mach-Zehnder interferometric setup.

  in a wide frequency range, allowing the determination of both clamped and unclamped EO coefficients. The specialty of this method is the application of the step voltage taking into account the acoustic contribution increasing the width of the step of voltage. On the other hand this method provides a large frequency range which decreases the rise time of the step of voltage to a few nanoseconds[71]. It was shown that thanks to Time Response method the frequency dispersion of Pockels coefficients in the large range from DC up to 500 MHz can be obtained. However the main limitation reason of this observation is the rising time of the voltage pulse[6]. The schematic diagram of experimental setup for TRM measurements is given in Figure3.1.1.3.1.

Figure 3 .

 3 Figure 3.1.1.3.1: Scheme of the TRM experimental setup. The electrical part of experimental setup is shown below: 1)-pulse generator, 2) cable, 3) shunt terminator, 4) the sample [69].

  the convolution operator. The time signals ∆𝑖(𝑡) and ∆𝑣(𝑡) have been exhibited and measured by using the oscilloscope. For observation of the frequency dispersion of the signals ∆𝑖(𝜗) and ∆𝑣(𝜗) Z-transformation of signals correspondingly ∆𝑖(𝑡) and ∆𝑣(𝑡) is used in TRM method. (shown in Figure 3.1.1.3.2).

Figure 3 .

 3 Figure 3.1.1.3.2: Z-transformation of signals correspondingly ∆𝑖(𝑡) and ∆𝑣(𝑡) to observe the frequency dispersion the signals ∆𝑖(𝜗) and ∆𝑣(𝜗). The applied voltage illustrates a step form.

Figure 3 . 1 . 2 . 1 :

 3121 Figure 3.1.2.1: Parallel plate capacitor.

  .2.1.1.1 for 0.8 mol% Zr doped LN crystal within TRM technique.

Figure 3 . 2 . 1 . 1 . 1 :

 32111 Figure 3.2.1.1.1: Time and frequency responses for r222 opto-geometric configuration for 0.8 mol% Zr:LN sample. By using Z-transform (the insert) the response of ∆𝑖(𝑡) signal to one step of voltage ∆𝑣(𝑡) at different time scales and frequency dependence was obtained by laser beam with 633 nm wavelength.
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  The time and frequency response of optical signal ∆𝑖(𝑡) signal to one step voltage ∆𝑣(𝑡) for EO coefficient 𝑟 222 for LN:In4 (In:1.7 mol%) sample and congruent undoped LN crystal is reported in Figure3.2.2.1.1. In the long time range the optical signal illustrates periodic oscillation corresponding to the piezo-electric frequency resonances. In the inset Figure3.2.2.1 is given the EO response for the short time scales when the oscillations absent because for the propagation of the acoustic waves through the sample requires more time. In contrast to congruent pure LN crystal for LN:In crystals the signal level remains stable in the both short and long time ranges, which reveals the negligible amplitude of the acoustic contribution.According to the investigations of 𝑟 222 opto-geometric configuration all crystals illustrate the same behavior depending on the frequency.

Figure 3 . 3 . 2 . 1 . 1 : 2 𝜀 22 𝑆(

 33211222 Figure 3.3.2.1.1: Time and frequency responses of EO coefficient 𝑟 222 for LN:In4 (In:1.7 % ) and pure congruent LN samples. Response of ∆𝑖(𝑡) signal to one step voltage ∆𝑣(𝑡) at different time scales and frequency dependence was obtained by laser beam with 633 nm wavelength.

𝜀 22 (

 22 = 𝜀 11 ) and 𝜀 33 of all samples have been determined at room temperature as function of frequency. For the dielectric measurements, a low voltage equal to 2V was used with a LCR analyzer HP4284A in frequency range from 100Hz to 1 MHz. § 3.4. Results and Discussion § 3.4.1. LN crystals doped with non-photorefractive ions. § 3.4.1.1. Zr doped crystals Optical absorption.

Figure 3 .

 3 2.1.2.1 all coefficients obtained for LN:Zr samples demonstrate the quazi-constant values with the error-bars for all dopant concentrations besides the 2 mol% LN:Zr crystal, which has a lower EO coefficients of about 20% compared to the values for other samples. This change is bigger than including amplitude of the uncertainty. Thus, 2 mol% is considered a threshold concentration if a doping-generated lattice reorganization is realized.

Figure 3 . 4 . 1 . 1 . 1 :

 34111 Figure 3.4.1.1.1: Clamped (for high frequency range) and unclamped (for lower frequency range) effective EO coefficients 𝑛 3 𝑟 𝑒𝑓𝑓 depending on zirconium concentration in LN congruent samples.

Figure 3 . 4 . 1 . 1 . 2 :

 34112 Figure 3.4.1.1.2: Values of dielectric permittivity for different configurations as a function of Zr molar concentration.

  Concentration of Zr (mol% )concentration in Li site. The shift of absorption edge to the visible range for higher Zr concentration above threshold concentration leads to the generation of disorder due to the location of Zr ions in both sites (Li and Nb). § 3.4.1.2. In doped crystals Electro-Optic Coefficients. The graph of frequency dispersions for 𝑟 222 EO coefficients taken for pure congruent LN and 1.7 mol% LN:In4 samples is given in Figure 3.4.1.2.1. It is visible that the graph is smooth on both parts of piezo-resonances.

Figure 3 .

 3 Figure 3.4.1.2.1: The frequency dispersions at 𝑟 222 opto-geometric configuration for 1.7 mol% In doped LN:In4 and undoped congruent samples. Relationship between frequency dispersions for EO and dielectric coefficients in 1.7 mol% In:LN sample.

  .4.1.2.1. According to these results the values obtained by different techniques are in good relationship together: 𝑟 222 𝑆 = 4.4 ± 0.3 𝑝𝑚𝑣 -1 for high frequency, 𝑟 222 𝑇 = 4.6 ± 0.3 𝑝𝑚𝑣 -1 for lower frequency obtained by TRM method and 𝑟 222 𝑇 = 4.8 ± 0.3 𝑝𝑚𝑣 -1 obtained by MDM method.

Figure 3 . 4 . 1 . 2 . 2 :

 34122 Figure 3.4.1.2.2: Unclamped and clamped EO coefficients as a function of indium molar concentration.
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Figure 3 .

 3 Figure 3.4.1.2.3: Dielectric unclamped (𝜀 22 𝑇 ) and clamped (𝜀 22 𝑆 ) permittivity versus Indium concentration (%) in LN congruent samples.

Figure 3 . 4 . 2 . 1 :

 3421 Figure 3.4.2.1: The 𝑟 13 and 𝑟 33 EO coefficients of iron doped LN crystals as function of the composition.
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Figure 3 . 4 . 2 . 3 : 1 .

 34231 Figure 3.4.2.3: Comparison between the calculated 𝑟 𝑐 EO coefficients from r13 and r33 with the rc coefficient experimentally determined by FDEOM and MDM methods as function of the understudy samples LN:Fe1-1÷LN:Fe1-3.

Figure 3 . 4 . 2 . 4 :

 3424 Figure 3.4.2.4: Static dielectric permittivities 𝜀 11 (= 𝜀 22 ) and 𝜀 33 of iron doped lithium niobate crystals as function of the composition. Inset: Frequency dependence of the dielectric permittivity 𝜀 33 of congruent iron doped crystal presented as example of experimental obtained response).
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Chapter 4 .

 4 Photorefractive properties of Lithium niobate crystals

Figure 4 . 1 . 1 )Figure 4 . 1 . 1 :

 411411 Figure 4.1.1: Photorefractive effect (𝐼 -light intensity, 𝑁 𝑒,ℎ -concentration of electrons/holes in the conduction/valence band, 𝒋 -current density, 𝜌 -space charge density, 𝑬 𝑠𝑐 -space charge field, n-refractive index, 𝛥𝑛 -refractive index change, 𝜀-permittivity tensor, 𝒓 -special coordinate) [3].
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 412 which has been developed in the first time of the investigation of photorefractive effect. Photo-generated free conduction band electrons from filled traps (donor centers), 𝐶 0 migrating in the conduction band are captured by empty traps 𝐶 + , and transform them to the filled traps, 𝐶 0 . The photo-induced charge transport in LN:Fe and LN:Cu crystals is described via one center transport model at low intensity range[13].

Figure 4 . 1 . 2 :

 412 Figure 4.1.2: One-center charge transport model. 𝐶 0 and 𝐶 + are filled and empty electron traps, h𝜈 is photon energy [12].

  Figure 4.1.3)[16], a secondary hypothetrially shallow traps 𝑁𝑏 𝐿𝑖 4+/5+ were assumed with the traditional centers 𝐹𝑒 2+/3+ as a deep centers. This model is actual also for other TM dopants.

Figure 4 . 1 . 3 :

 413 Figure 4.1.3: Two-center charge transport model. 𝐶 0 and 𝐶 + are filled and empty deep electron traps, 𝑥 0 and 𝑥 + filled and empty shallow electron traps, ℎ𝜈 is photon energy [16].

  photogeneration ratio:Σ = 𝜎 𝐺 = 𝜎 𝑑𝑎𝑟𝑘 +𝜎 𝑝ℎ 𝐺

( 4 . 5 . 1 .Figure 4 . 5 . 1 . 1 :

 4514511 scheme are given in Figures 4.5.1.1, 4.5.1.2.

Figure 4 . 5 . 1 . 2 :M

 4512 Figure 4.5.1.2: Photo of the experimental setup for visualization of refractive index changes.

Figure 4 . 5 . 1 . 3 :

 4513 Figure 4.5.1.3: The scheme of the 1D illumination on the sample.

  .5.1.1) with a waist of 𝑤 = (75 ± 1) μm.Eq. (4.5.1.1) describes a Gaussian beam with essentially different diameters along 𝑥 (thin) and 𝑦 (thick) axes propagates parallel to the 𝑧 axis. Gaussian beam extent assumed to be infinite in the perpendicular direction to the 𝑧 axis of the sample. The beam is perpendicularly polarized to the 𝑧 axis. In Eq. (4.5.1.1) the diffraction and absorption of the beam due to the smaller thickness of the sample compared to the Rayleigh range of the beam is neglected. The Rayleigh range of the green laser beam is approximately 1 cm and the profile of the beam is assumed to be almost stable inside the sample as the crystal was located in the middle part of the beam.
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 4514 Figure 4.5.1.4: Schematic pattern of the creation of the fringes.

Figure 4 . 5 . 2 . 1 :

 4521 Figure 4.5.2.1: Intergerograms without refractive index change and with the changing of the shape of fringes beacause of to the variation of refractive index due to the 543 nm laser beam.
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Figure 4 .

 4 5.2.3).Although the phase has a value at the [0, 2𝜋] range, the refractive index change Δ𝑛 has the arbitrary (non discret) values, thus the phase shift diagram is wrapped[77,78]. To observe the continuous value of the Δ𝑛 the phase Δ𝜑 diagram was substituted to the unwrapped[79] (Figure4.5.2.4).All the process to obtain ∆𝜑(𝑥, 𝑦, 𝑡) map depending on the time was automatized fully in Matlab. The typical results of the refractive index change corresponding to the phase delay maps obtained at the beginning of the measurements and after the several time switching the green laser beam are illustrated in Figure4.5.2.5.
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 4525 Figure 4.5.2.5: Receipt of the map of the refractive index modulation from CCD fringes image.

Figure 4 .

 4 5.2.5 is integrated along the vertical direction improving the signal to noise ratio. During the measurements for each temperature due to the 543 nm wavelength laser beam the phase modulation becomes bigger reaching the saturated value. All the frames reported during measurements were analysed to obtain the corresponding 1𝐷 profile. Typica l CCD i m age obtained a fte r a t ime t..

( 4 .

 4 5.2.5) as: 𝐸(𝑥, 𝑧, 𝑡) = -𝐸 𝑠𝑎𝑡 [ 𝜎 𝑝ℎ (𝑥,𝑧) 𝜎 𝑝ℎ (𝑥,𝑧)+𝜎 𝑑𝑎𝑟𝑘 ] • [1 -exp (-𝑡 𝜏 𝑑 (𝑥,𝑧)

A

  and B related to the samples LN:Fe2-3 and LN:Fe1-3 respectively and the concentration of traps (deep and shallow) are given in × 10 25 𝑚 -3 . The fitting of the set of 1D profiles (Figure 4.5.2.5) one by one with the peak function leads to a determination of the dependence of the peak maximum Δ𝜑 𝑀𝐴𝑋 (𝑡) on the time. The typical 1D profile of the evaluation at room temperature and the example of the saturation of the phase shift at 𝑇 = 140 𝐾 are given correspondingly in Figures 4.6.1.1a and 4.6.1.1b.

Figure 4 .

 4 Figure 4.6.1.1a: 1𝐷 profile obtained from the integration of image given in Figure 4.5.2.5 along the vertical direction at room temperature.

Figure 4 .

 4 Figure 4.6.1.1b: The maximum amplitude o the phase map as a function of time obtained at 𝑇 = 140 𝐾, the red line orresponds to the fit.

4. 6 . 1 . 1 .

 611 During the measurement for every temperature value due to the 543 nm wavelength laser beam the refractive index modulation corresponding to the phase shift becomes bigger reaching the saturated value. The examples of the evaluation and the saturation of the refractive index change for certain temperature are reported in Figure 4.6.1.2a and 4.6.1.2brespectively. With the decrease of the temperature the duration to reach △ n sat value becomes longer. As the estimated material parameters depending on the crystal composition were below experimental accuracy[83] thus, this dependence was neglected.
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Figure 4 .

 4 Figure 4.6.1.2a: Temporal evolution of refractive index profile T=280K.

Figure 4 .Here

 4 Figure 4.6.1.2b: Temporal behavior of maximum refractive index T=300K.
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Figure 4 . 6 . 1 . 3 :

 4613 Figure 4.6.1.3: Saturation space charge field depending on the temperature for Fe:LN samples with series A. Dots: experimental results, Lines: simulation results for 𝐿 𝑃𝐺 = (1.44 ± 0.05) Å and Λ 𝑑𝑎𝑟𝑘 = (1.69 ± 0.07) × 10 -17 m 2 /V (detailed below).
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Figure 4 . 6 . 1 . 4 :

 4614 Figure 4.6.1.4: Saturation space charge field depending on the temperature for Fe:LN samples with series B . Dots: experimental results, Lines: simulation results for 𝐿 𝑃𝐺 = (1.44 ± 0.05) Å and Λ 𝑑𝑎𝑟𝑘 = (1.69 ± 0.07) × 10 -17 m 2 /V (detailed below).
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 4615 Figure 4.6.1.5: Empirical results (dots) for specific photoconductivity Σ as a function of temperature correspondingly for samples series A. By comparison the results obtained from simulation corrected for the experimental values 𝜙 and Λ 𝑑𝑎𝑟𝑘 .

Figure 4 . 6 . 1 . 6 :§ 4 . 7 . 1 2

 4616471 Figure 4.6.1.6: Empirical results (dots) for specific photoconductivity Σ as a function of temperature correspondingly for samples series B. By comparison the results obtained from simulation corrected for the experimental values 𝜙 and Λ 𝑑𝑎𝑟𝑘 .

  Figures 4.8.1, and 4.8.2 are shown the results of Λ parameter in the same conditions which were used to obtain the results of the space charge field (Figures 4.6.1.3 and 4.6.1.4).

Figure 4 . 8 . 1 :

 481 Figure 4.8.1: Simulated drift coefficient Λ for series A.

Figure 4 . 8 . 2 :

 482 Figure 4.8.2: Simulated drift coefficient Λ for series B.
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 48 Figure 4.8.3 values of the reciprocal of the measured saturation space charge field 1 𝐸 𝑠𝑎𝑡 ⁄ were plotted as a function of the values of drift coefficient simulated in the accordance with the empiric conditions.

Figure 4 . 8 . 4 : 20 •

 48420 Figure 4.8.4: Photogeneration efficiency ϕ for samples series A.

Figure 4 . 8 . 5 :

 485 Figure 4.8.5: Photogeneration efficiency ϕ for samples series B.

  the drift coefficient Λ provided by the Monte Carlo simulation with the decrease of the temperature is the result of the reduction of the number of the jumps of the polaron performing since the generation to the captured by deep Fe centers [92]. The dependence of the Λ on the temperature is related to the different values of the activation energy corresponding to the varied types of the hopes as the change of the temperature influence variously on the different types of the jump. Especially the hopping frequency of the capture 𝑁𝑏 𝑁𝑏 (𝑁𝑏 𝐿𝑖 ) → 𝐹𝑒 dominates compared to other types increasing the trapping probability with the decrease of the temperature.Two types of the hopping regime are emphasized for the tested samples: Multi-hop, mixed transport regime and trapping regime. Former regime: Due to the high thermal budget the hopping frequency increases or decreases thus, the polaron is able to perform several amount of jump before trapping by the deep center Fe 3+ . Drift coefficient Λ depends on the relative number of the different types of jumps, especially for low antisite concentration and/or at high temperature the free polaron hope 𝑁𝑏 𝑁𝑏 → 𝑁𝑏 𝑁𝑏 predominates[START_REF] Guilbert | The Elusive Role of NbLi bound polaron energy in hopping charge transport in Fe : LiNbO3[END_REF]. Thus at high temperature and/or in samples with low antisite concentration the resistance to the photorefractivity consequently conductivity increase.

  photogeneration coefficient decreases for about four times with the increase of wavelength from the green to the blue color. Taking into account ϕ < 1 value during measurements corresponding to our data ϕ parameter must be smaller than 0.25 when λ = 543 nm. The dependence of the photogeneration coefficient on the wavelength is related to the increase of the energetic photons which project the charge of emitted photons at a longer spacing from the donor centers[45].
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 34562757 In LN:Fe (0.11 mol%) crystals with varied composition (Xc=48.45 mol %, Xc =48.58 mol %, Xc =49.49 mol %) in low frequency range EO coefficients 𝑟 333 , 𝑟 133 , 𝑟 𝑐 present a monotonous decrease behavior related to the polarisability of Nb ions along Z axis whereas 𝑟 222 coefficient varies non monotonously with the increase of Li content in the crystal connected to the electro-mechanical contribution. Experimental data of space charge field 𝐸 𝑠𝑐 obtained for LN:Fe crystals with different Li content in the crystal equal to Xc=48.45 mol %, Xc =48.58 mol %, Xc =49.49 mol %, with iron fixed concentration 0.11 mol % and for LN:Fe congruent crystals with varying Fe amount (0.02 mol %, 0.05 mol %, 0.1 mol %) increase with the decrease of temperature from the room temperature down to 150 K and with the increase of the Li content and iron concentration in the crystal. Experimental values of specific photoconductivity Σ obtained for LN:Fe crystals with different Li content in the crystal equal to Xc=48.45 mol %, Xc =48.58 mol %, Xc =49.49 mol %, with iron concentration 0.11 mol % and for LN:Fe congruent crystals with various Fe concentration (0.02 mol %, 0.05 mol %, 0.1 mol %) demonstrate the decrease of temperature from the room temperature down to 150 K with and with the increase iron concentration in the crystal remaining independent of the Li content in the crystal. Experimental data and numerical values of 𝐸 𝑠𝑐 and Σ obtained by Monte Carlo simulation based on the Marcus-Holstein hopping model are consistent with each other considering 𝐿 𝑃𝐺 = (1.44 ± 0.05)Å and Λ 𝑑𝑎𝑟𝑘 = (1.69 ± 0.07) × 10 -17 m For LN:Fe crystals with different composition (Li content in the crystal Xc=48.45 mol %, Xc =48.58 mol %, Xc =49.49 mol %), with iron concentration 0.11 mol % and with congruent composition with various Fe concentration (0.02 mol %, 0.05 mol %, 0.1 mol %) in the illuminated area by using 543 nm wavelength laser beam the photogeneration efficiency of electron small polarons decreases 2-3 times with the decrease of temperature in the range from room temperature down to 150 K due to the increase of the radius of trapping area where donor centers are also considered as trap centers resulting to the decrease of jumping frequency of the free charge carriers.8. For LN:Fe crystals with different composition Xc=48.45 mol %, Xc =48.58 mol %, Xc =49.49 mol %, with iron concentration 0.11 mol % and with congruent composition with various Fe concentration (0.02 mol %, 0.05 mol %, 0.1 mol %) in the illuminated area by using green laser beam the drift coefficient of electron small polarons decreases with the decrease of temperature in the range from room temperature down to 150 K and with the increase of defects in the crystal due to the increase of the trapping radius of area decreasing the hopping frequency of the free charge carriers.température depuis la température ambiante jusqu'à 150 K et avec l'augmentation de la teneur en Li et de la concentration en fer cristal. Dans les cristaux LN:Fe (0,11 mol%), de différentes compositions (Xc=48,45-49,49 mol%) et dans les cristaux LN:Fe congruents avec différentes quantités de Fe (0,02%mol, 0,05%mol, 0,1%mol) les valeurs expérimentales de la photoconductivité spécifique Σ obtenues montrent la diminution de Σ avec la température depuis la température ambiante jusqu'à 150 K avec et avec l'augmentation de la concentration en fer dans le cristal restant indépendante de la teneur en Li du cristal. 6. Les données expérimentales et les valeurs numériques de Esc et Σ obtenues par la simulation de Monte Carlo reposant sur le modèle de saut de Marcus-Holstein sont cohérentes, puisque 𝐿 𝑃𝐺 = (1.44 ± 0.05)Å et Λ 𝑑𝑎𝑟𝑘 = (1.69 ± 0.07) × 10 -17 m 2 V Dans les cristaux LN:Fe (0,11 mol%), de différentes compositions (Xc=48,45-49,49 mol%) et dans les cristaux LN:Fe congruents avec différentes quantités de Fe

  

  

  

Table 2 :

 2 Composition dependence of LN crystals calculated by Li vacancy model[31].

	𝒙 𝒄 ,%	𝑳𝒊 𝟏-𝟓𝒙	𝑽 𝑳𝒊	𝑵𝒃 𝑳𝒊	Formula Li site vacancy model
				antisite	
	48.45	0.95	0.04	0.01012	[Li0.950Nb0.01010.040][Nb]O3
	48.58 0.95355 0.03716	0.00929	[Li0.954Nb0.00930.0.037][Nb]O3
	49.59	0.9864 0.010874 0.0027185	[Li0.986Nb0.00270.011][Nb]O3

Table 1 .

 1 2.1: Characterizations of the utilized samples.The understudy LN samples have been grown by using Czochralski grown technique pulling along the crystallographic 𝑐 axis. In general the growth LN samples can be separated onto two groups: doped with transition metal (𝐹𝑒 2+ and 𝐹𝑒 3+ ) and non photorefractive (𝑍𝑟 4+ and 𝐼𝑛 3+ ) ions. The samples of the first group can be sorted in two series in their turn: LN samples with Structure and composition of doped LN crystals § 2.1 X-ray diffraction. Lattice parameters of crystals

	Number of	Impurity	𝑪 𝑳𝒊 in the melt, mol	𝑪 𝑳𝒊 in the crystal, mol	Dimensions
	samples	concentration, mol %	%	%	(𝒙 × 𝒚 × 𝒛), 𝒎𝒎 𝟑
	LN:Fe1-1	0.11	48.45	48.45	9.8×2.1×4.5
	LN:Fe1-2	0.11	50	48.58	9.8×3.6×4.5
	LN:Fe1-3	0.11	54.5	49.59	6.0×2.8×4.0
	LN:Fe2-1	0.02	48.45	48.45	9.8×2.1×4.5
	LN:Fe2-2	0.05	48.45	48.45	9.8×2.1×4.5
	LN:Fe2-3	0.1	48.45	48.45	9.8×2.1×4.5
	LN:Zr1	0.625	48.45	48.45	10×4×6.5
	LN:Zr2	0.75	48.45	48.45	10×4×6.5
	LN:Zr3	0.875	48.45	48.45	10×4×6.5
	LN:Zr4	1	48.45	48.45	10×4×6.5
	LN:Zr5	1.25	48.45	48.45	10×4×6.5
	LN:Zr6	1.5	48.45	48.45	10×4×6.5
	LN:Zr7	2	48.45	48.45	10×4×6.5
	LN:Zr8	2.5	48.45	48.45	10×4×6.5
	LN:In1	0.12	48.45	48.45	10×4.2×6.5
	LN:In2	0.25	48.45	48.45	10×4.2×6.5
	LN:In3	0.5	48.45	48.45	10×4.2×6.5
	LN:In4	1.7	48.45	48.45	10×4.2×6.5

(0.625 mol%, 0.75 mol%, 0.875 mol%, 1.00 mol%, 1.25 mol%, 1.50 mol%, 2.00 mol%, 2.50 mol% in the melt) and Indium oxide 𝐼𝑛 2 𝑂 3 (0.12at %, 0.25at%, 0.5at %, 1.7at % added to the melt) numbered as correspondingly LN:Zr1÷LN:Zr8 and LN:In1÷LN:In4. After the growth, the samples have been cut along the crystallographic axis, oriented, lapped and optically polished in order to obtain the samples with the smooth polished surfaces owing an optical facets perpendicular to the crystallographic axis.

Table 2 .

 2 In Figure2.1.2.4 are shown the results of the comparison of the obtained lattice constants in the understudy LN:Fe1 samples (the 𝐿𝑖𝑂 2 content in the mentioned crystals has been obtained by Raman backscattering spectroscopy) with the ones known from the literature[19].

	1.2.1 and in Figure 2.1.2.3 (dependence of lattice parameters on 𝐿𝑖𝑂 2 content in the
	melt.			
			Table 2.1.2.1: Lattice parameters 𝑎 and 𝑐[19].
	Sample	𝑪 𝑳𝒊 in the melt mol %	Lattice parameters	Lattice parameters
			𝒂, Å	𝒄, Å
	LN:Fe1-1	48.45	5,1506±2⨯10 -4	13,8673±7⨯10 -4
	LN:Fe1-2	50.00	5,1497±2⨯10 -4	13,8620±7⨯10 -4
	LN:Fe1-3	54.50	5,1482±2⨯10 -4	13,8599±8⨯10 -4

49 50 51 52 53 54 5.147 5.148 5.149 5.150 5.151 5.152 5.153 5.154 5.155 5.156 5.157 5.158 Lattice parameter c (Ang.) Lattice parameter a (Ang.) Li content in the Fe doped LN melt 49 50 51 52 53 54 13.850 13.852 13.854 13.856 13.858 13.860 13.862 13.864 13.866 13.868 13.870 lattice a parameter lattice c parameter

  

49 50 5.146 5.147 5.148 5.149 5.150 5.151 5.152 5.153 5.154 5.155 5.156 5.157 5.158 Lattice parameter c (Ang.) Lattice parameter a (Ang.) Li content in the crystal 48 49 50 13.83 13.84 13.85 13.86 13.87 13.88

  

	Figure 2.1.2.4: Dependence of lattice parameters 𝑎 and 𝑐 on the LN crystal composition: Lattice
	𝑎 parameter: -our results [19],	-Lerner et al.[8],

Table 2 .

 2 2.2.1:The results of FWHM of 𝐴 1 (𝑇𝑂 1 )Raman phonon and the shift of 𝐴 1 (𝑇𝑂 1 ) mode in the 𝑌(𝑍𝑍)𝑌 configuration various 𝐿𝑖 2 𝑂 concentration in the melt for iron doped LN LN:Fe1-1, LN:Fe1-2, LN:Fe1-3 samples, as well as calculated values of 𝐿𝑖 2 𝑂 content in the crystal.

		15						
		14						
		13						
	(TO 1							
	of A 1	12						
	FWHM	11						
		10						
		48	49	50	51	52	53	54	55

1 ) = 18.00 + 8.086(50% -𝑋 𝑐 ) (2.2.2.1), 𝐶 𝐿𝑖 (𝑚𝑜𝑙%) = 52.226 -0.1237Γ(𝑐𝑚 -1 ) (2.2.2.2). The results of FWHM of 𝐴 1 (𝑇𝑂 1 ) Raman phonon versus 𝐿𝑖 2 𝑂 concentration in the melt for iron doped LN samples are given in Table 2.2.2.1 and Figure 2.2.2.2. From the results it is noticeable that the linewidth of 𝐴 1 (𝑇𝑂 1 ) phonon decreases with the increase of Li content, especially for close-stoichiometric sample the abrupt reduction is recorded. On the other hand the analyzing of the FWHM of 𝐴 1 (𝑇𝑂 1 ) Raman spectra testifies that content of lithium 𝐶 𝐿𝑖 decreases mainly during crystallizing. Only the lithium concentration remains invariable for sample with the congruent composition (𝐶 𝐿𝑖 = 48.45 𝑚𝑜𝑙%).

) phonon Li content in the Fe doped LN melt A 1 (TO 1 )

  𝐴 1 (𝑇𝑂 1 ) Raman phonon is activated at the 254 𝑐𝑚 -1 in the 𝑌(𝑍𝑍)𝑌 configuration for undoped congruent LN. However, the shift of frequency from 254 𝑐𝑚 -1 was induced due to the different composition and the presence of iron ions. The values of activated frequencies of 𝐴 1 (𝑇𝑂 1 ) Raman line for samples are given in Table2.2.2.1. The frequency shift of 𝐴 1 (𝑇𝑂)modes as a function of crystal composition derived from Raman backscattering measurements for iron doped crystals with different composition varying from congruent to near stoichiometry is shown in Figure 2.2.2.3. It is visible from the graphs that the variation of frequency shift of all 𝐴

	Samles	𝑪 𝑳𝒊 in the melt	𝑪 𝑳𝒊 (mol%)		FWHM of	𝑨 𝟏 (𝑻𝑶 𝟏 ) (cm -1 ) in
		(mol%)			𝑨 𝟏 (𝑻𝑶 𝟏 )	𝒀(𝒁𝒁)𝒀 config.
					Raman phonon
	LN:Fe1-1	48.45	48,45±0,03		14.5955	252.477
	LN:Fe1-2	50.0	48,58±0,03		14.0660	253.334
	LN:Fe1-3	54.5	49,49±0,03		10.3765	253.678
		•-	-.,	1 ---• ---	1

Figure 2.2.2.2:

The full width at the half of maximum (FWHM) for 𝐴 1 (𝑇𝑂 1 ) phonon as a function of melt composition for Fe:LN crystals obtained in 𝑌(𝑍𝑍)𝑌 configuration by 785 nm wavelength laser beam. 1 (𝑇𝑂) phonons illustrate the same behavior: it increases with the increase of Li content in iron doped LN crystals consequently the force constant of 𝐵 -𝑂, 𝐴 -𝑂 bonds parallel to the 𝑧 axis as well as the respectively rotation and deformation of oxygen octahedron perpendicular to 𝑐 axis increase monotonously. The increase of frequency shift of 𝐴 1 (𝑇𝑂 1 ) and 𝐴 1 (𝑇𝑂 2 ) phonons related to the introduction of iron ions can be explained by the following hypothesis: It is considered that iron ions with valence 𝐹𝑒 2+ or 𝐹𝑒 3+ incorporate onto both A (lithium) and B (niobium) sites. On the other hand is reliable that 𝐹𝑒 2+ ions occupy A site, whereas 𝐹𝑒 3+ ions sit in B sites due to the valence state 𝐿𝑖 + and 𝑁𝑏 5+ respectively. In general A site occupied by 𝐿𝑖 + ions and caused by Li deficiency. If iron ions with 𝐹𝑒 2+ or 𝐹𝑒 3+ valence states incorporate onto A site it can occupy place of 𝐿𝑖 + or 𝑁𝑏 4+ antisites.
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 2 Due to the above discussed characteristics this incorporation increases additionally the frequency shift of 𝐴 1 (𝑇𝑂 1 ) related to B-O bond which is proved by results given in Figure2.2.2.3. Thus, it can be concluded that Fe ions incorporate onto both A and B sites occupying the places of Nb ions. With the variation of composition from congruent to nearstoichiometric the increase of Li content in A site gives rise to the probability that more amount of iron ions will occupy B site. Thus, the increase of Li content strengthens the 𝐴 -𝑂 and 𝐵 -𝑂 bond proved by the increase of 𝐴 1 (𝑇𝑂 1 ) and 𝐴 1 (𝑇𝑂 2 ) modes respectively (Figure2.2.2.3).

	shift (cm -1 )					A 1 (TO 3 ) Fe:LN
	Frequency					A 1 (TO 2 ) Fe:LN
						A 1 (TO 1 )	
						Fe:LN	
	48.4	48.6	48.8	49.0	49.2	49.4	49.6
			Li content in the crystal		

.2.2.2), also taking into account differ valence state. Vice-versa we have strengthening of this bond (Figure

2

.2.2.3) thus, the first scenario related to the occupation of Li places in A site by iron ions is refused. Scenario 2: It may be considered that Fe ions (𝐹𝑒 2+ or 𝐹𝑒 3+ ) ions occupy the places of 𝑁𝑏 4+ antisites in A site and 𝑁𝑏 5+ ions in their natural B site. Thanks to the higher ionic radii, smaller atomic mass and valence state than for Nb ions, the incorporation of places of Nb antisites by iron ions strengthens 𝐴 -𝑂 bond increasing the frequency shift of 𝐴 1 (𝑇𝑂 2 ) phonon. On the other hand this occupation in A site push out Nb ions from A site to their natural site strengthening also 𝐵 -𝑂 bond consequently frequency shift of 𝐴 1 (𝑇𝑂 1 ) mode increases. A 1 (TO 4 ) Fe:LN Figure 2.2.2.3: Frequency shift of 𝐴 1 (𝑇𝑂) phonons as a function of crystal composition for iron doped LN samples with various composition.

Table 2 .

 2 2.2.2: Ionic radius and mass[45].

	Ions	𝑳𝒊 +	𝑵𝒃 𝟓+	𝑭𝒆 𝟐+	𝑭𝒆 𝟑+
	Ionic radius, ri (pm)	76	64	78	64.5
	Atomic mass, Ar	6.941	92.906		55.845

Table 2

 2 

.3.2.1.

Table 2.3.2.1: The results of optical absorption measurements for 𝐶 𝐹𝑒 2+ , 𝐶 𝐹𝑒 3+ and reduction degree: 𝐑 = [𝐅𝐞 𝟐+ ] [𝐅𝐞 𝟑+ ]

  𝜀 0 (𝜒 11 𝐸 𝑥 + 𝜒 12 𝐸 𝑦 + 𝜒 13 𝐸 𝑧 ) 𝑃 𝑦 = 𝜀 0 (𝜒 21 𝐸 𝑥 + 𝜒 22 𝐸 𝑦 + 𝜒 23 𝐸 𝑧 ) 𝑃 𝑧 = 𝜀 0 (𝜒 31 𝐸 𝑥 + 𝜒 32 𝐸 𝑦 + 𝜒 33 𝐸 𝑧 )

	--
	(3.40),

  𝜀 0 𝜒 11 𝐸 𝑥 𝑃 𝑦 = 𝜀 0 𝜒 22 𝐸 𝑦(3.41).𝑃 𝑧 = 𝜀 0 𝜒33 𝐸 𝑧 These 𝑥, 𝑦, 𝑧 directions are referred as the principle dielectric axes of the crystal. The dielectric response of the crystal characterized by the dielectric permittivity tensor 𝜀 𝑖𝑗 , is defined by: 𝐷 𝑥 = 𝜀 11 𝐸 𝑥 + 𝜀 12 𝐸 𝑦 + 𝜀 13 𝐸 𝑧 𝐷 𝑦 = 𝜀 21 𝐸 𝑥 + 𝜀 22 𝐸 𝑦 + 𝜀 23 𝐸 𝑧 (3.42). 𝐷 𝑧 = 𝜀 31 𝐸 𝑥 + 𝜀 32 𝐸 𝑦 + 𝜀 33 𝐸 𝑧 Taking into account the crystallographic structure and the symmetry properties of LN crystal, the dielectric permittivity tensor, in the orthogonal cell, can be written in a form of a 3 × 3 matrix. Nine quantities 𝜀 11 , 𝜀 12 , . . . are values of dielectric permittivity of the medium and constitute the dielectric tensor, where only diagonal components exhibit non zero values:

		𝜀 11 0	0
	𝜀 = (	0 𝜀 22 0	)	3.46.
		0	0 𝜀 33
	Assuming			
		𝑫 = 𝜀 0 𝑬 + 𝑷	(3.43),
	and			
		𝜀 𝑖𝑗 = 𝜀 0 (1 + 𝜒 𝑖𝑗 )	(3.44).
	Thus, Eq. 3.1.2.4 can be recorded in a tensor as:
	𝐷 𝑖 = 𝜀 𝑖𝑗 𝐸 𝑗		(3.45).

  𝐶, photo-elastic tensor 𝜋, elasto-optic tensor 𝑷, EO tensor 𝑟 illustrate the symmetric properties thus, the electro-mechanical contribution to dielectric permittivity can be obtained with the ∆𝑟 222 𝑑 = 𝜋 14 𝐶 44 𝑑 15 -(𝜋 11 -𝜋 12 )[(𝐶 11 -𝐶 12 )𝑑 22 + 𝐶 14 𝑑 15 )]

	or	
	𝑟 222 𝑑 = -(𝑝 11 𝐸 -𝑝 12 𝐸 )𝑑 22 + 𝑝 14 𝐸 𝑑 15	(3.54).
	Literature Review of the investigation of electro-optic (EO) effect in LN crystals
	First observations of the linear electro-optic coefficients have been explored for pure
	congruent LN crystals [15-21]. The experimental results of electro-optic coefficients obtained
	by using the different techniques are given in Table 3.1.	
	EO coefficients in pure congruent LN crystals.	
	help of Neumann's principles:	
	∆𝜀 22 = 2𝑑 22 2 (𝐶 11 𝐸 -𝐶 12 𝐸 ) -4𝑑 22 𝑑 15 𝐶 14 𝐸 + 𝑑 15 2 𝐶 44 𝐸	(3.52).
	The piezo-optic contribution to EO coefficient in 𝑟 222 opto-geometric configuration can be
	reported as:	
		(3.53),

For the first time in 1964, G. E. Peterson et al. recorded "patches switching" by investigated high-frequency electro-optic effect of multi domain LN crystals growth by Czochralski

Table 3 .

 3 1: Literature data on measurements on EO coefficients of LN crystals at room temperature. Used experimental techniques. § 3.1.1. Experimental technique for EO measurements.

	r22, pmV -1	composition	dopant
	3.4[17], 6.7[16], 3.95[21], 6.54[55], 6.4[12,18-20], 6,8[31],	congruent	pure
	6.3[31,18],6.07[20]		
	4.5; 6.8[12],9.89[20]	stoichiometric	pure
	6.2;6.97[29], 0.8[31]	congruent	Mg
	r33, pmV -1	composition	dopant
	30.8[17],30.6[21], 36.0[41], 31.5[23], 31.4[22], 31.0[50]	congruent	pure
	38.3[23]	stoichiometric	pure
	36.6[51]	congruent	Ti
	r13, pmV -1	composition	dopant
	8.6[17], 7.8[21],11.0[41], 10.5[24],10.49[22], 10.4, 10.0[40],	congruent	pure
	10.0[23]		
	10.7[51]	congruent	Ti
	10.4[23]	stoichiometric	pure
	9.25[22]	quazi stoichiometric	pure
	rc, pmV -1	composition	dopant
	20[12], 19.1[57]	congruent	pure
	,20.5[26, 53]		
	18[12],20.2[26,53]	stoichiometric	pure
	18.7[26]	congruent	Cr
	19.9[26]	stoichiometric	Cr
	20.3[53]	congruent	Fe
	18.5[53]	stoichiometric	Fe
	r42, pmV -1	composition	dopant
	28[17], 28.2[21]	congruent	pure

Table 3 .

 3 1.1.4: Opto-geometric configurations of the applied electric field (𝐸) and the propagated light beam directions relative to the crystal configuration (𝑥, 𝑦, 𝑧) used for the determination of the electro-optic coefficients. In general the typical values for pure congruent crystal 𝑛 𝑂 = 2.20863 and 𝑛 𝑒 = 2.2025 at room temperature and at λ=632.8 nm have been assumed for calculations of the EO coefficients. The small change in the value of the indices induced by a change of composition

	EO coefficient	Configuration for applied	Configuration light beam
		electric field 𝐸 direction	(𝑘 ) direction
	𝑟 33 , 𝑟 13 , 𝑟 𝑐	𝐸 // 𝑧	𝑘 // 𝑦 (𝑥)
	𝑟 22	𝐸 // 𝑦 (𝑥)	𝑘 // 𝑧

Table 3 .

 3 4.1.1.1: Absorption edge as a function of Zr concentration in congruent LN doped samples (LN:Zr1-LN:Zr8) obtained from the absorption spectrum.

	Number		LN:Zr1 LN:Zr2 LN:Zr3 LN:Zr4 LN:Zr5 LN:Zr6 LN:Zr7 LN:Zr8
	of samples									
	Zirconium	0	0.625	0.75	0.875	1	1.25	1.5	2	2.5
	concentration									
	(mol%)									
	Wavelength of	326	322	319	318.75	318.5	318	317.7	315	316.3
	absorption edge									
	(nm) at									
	absorption									
	coefficient of									
	20cm -1									
	Electro-Optic Coefficients							
	The values of clamped and unclamped EO Pockels coefficients consequently for low and high
	frequency ranges as a function of Zr molar concentrations are represented in Figure 3.4.1.1.1
	and in Tables 3.4.1.1.2, 3.4.1.1.3 respectively. The calculated values, 𝑛 𝑒 3 𝑟 𝑐 reported in this
	figure and tables are obtained from the direct 𝑛 𝑒 3 𝑟 113 and 𝑛 𝑒 3 𝑟 333 obtained with interferometric
	measurements.								

Table 3 . 4
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	Number		Senarmont compensation technique		
	of sample					Dielectric permittivity
		Impurity	TRM method	MDM method		
		concentration	𝑟 222 𝑇 𝑝𝑚𝑣 -1	𝑟 222 𝑠 𝑝𝑚𝑣 -1	𝑟 222 𝑇 𝑝𝑚𝑣 -1	𝜀 22 𝑇	𝜀 22 𝑆
		LN-Cg	6.6±0.4	3.9±0.3	6.4±0.4	87±5	62±3
	LN:Zr1	0.625%ZrO2	6.1±0.4	3.5±0.3	6.1±0.4	82±5	61±3
	LN:Zr2	0.75%ZrO2	6.5±0.4	3.7±0.3	6.2±0.4	83±5	62±3
	LN:Zr3	0.875%ZrO2	6.6±0.4	3.9±0.3	6.4±0.4	84±5	61±3
	LN:Zr4	1%ZrO2	6.2±0.4	3.5±0.3	6±0.4	84±5	62±3
	LN:Zr5	1.25%ZrO2	6.4±0.4	3.7±0.3	6.3±0.4	81±5	60±3
	LN:Zr6	1.5%ZrO2	6±0.4	3.5±0.3	6.1±0.4	83±5	62±3
	LN:Zr7	2%ZrO2	5±0.4	2.9±0.3	5.2±0.4	72±5	51±3
	LN:Zr8	2.5%ZrO2	6.1±0.4	3.6±0.3	6±0.4	80±5	59±3

.1.1.2: Absolute values of EO coefficients for 𝑟 222 opto-geometric configuration and associated dielectric permittivity for Zr doped LN samples as a function of zirconium molar concentration.

Table 3 .

 3 4.1.1.3: Absolute values of r113 and r133 EO coefficients and dielectric permittivity for Zr doped LN samples as a function of zirconium molar concentration.

	Number		Interferometric measurement				
	of sample					Senarmont compensation technique	Dielectric permittivity
		Impurity		TRM method	TRM method	MDM method		
		concentration	𝑟 113 𝑇,𝑆 𝑝𝑚𝑣 -1 𝑟 133 𝑇,𝑆 𝑝𝑚𝑣 -1	𝑟 𝑐 𝑇,𝑆 𝑝𝑚𝑣 -1 (calc)	𝑟 𝑐 𝑇,𝑆 𝑝𝑚𝑣 -1 (meas.)	𝑟 𝑐 𝑇 𝑝𝑚𝑣 -1 (meas.)	𝜀 33 𝑇	𝜀 33 𝑆
		LN-Cg	8.5±0.6	29.4±2	20±2	3.9±0.3	20.7±1	87±5	35±2
	LN:Zr1	0.625%ZrO2	8±0.6	29.5±2	20. 6 ±2	3.5±0.3	20.3±1	82±5	34.5±2
	LN:Zr2	0.75%ZrO2	8.4±0.6	30±2	20. 7 ±2	3.7±0.3	21.3±1	83±5	35. 5 ± 2
	LN:Zr3	0.875%ZrO2	8.8±0.6	30±2	20. 2 ±2	3.9±0.3	20.8±1	84±5	34.7±2
	LN:Zr4	1%ZrO2	8±0.6	29±2	20. 1 ±2	3.5±0.3	21.2±1	84±5	35±2
	LN:Zr5	1.25%ZrO2	8±0.6	29.5±2	20. 6 ±2	3.7±0.3	20.3±1	81±5	34.5±2
	LN:Zr6	1.5%ZrO2	7.8±0.6	28.8±2	20.1±2	3.5±0.3	20.6±1	83±5	33.3±2
	LN:Zr7	2%ZrO2	6.4±0.6	23.5±2	16.4±2	2.9±0.3	16.2±1	72±5	29±2
	LN:Zr8	2.5%ZrO2	7.2±0.6	28±2	20±2	3.6±0.3	21.2±1	80±5	36±2

LN:Zr1-LN:Zr8 are reported in Figure 3.4.1.1.2 and tables 3.4.1.1.2, 3.4.1.1.3 respectively.

Table 3 .

 3 4.1.2.1: Absolute values of EO coefficients for 𝑟 222 opto-geometric configuration and associated dielectric permittivity for LN:In1-LN:In4 samples as a function of indium molar concentration.

	Number	Impurity	MDM	TRM		Acoustic	Dielectric	Figure of merit
	of	concentrati	method	method	contribution	permittivity	
	sample	on							
			𝑟 222 𝑇 𝑝𝑚𝑣 -1 𝑟 222 𝑇 𝑝𝑚𝑣 -1 𝑟 222 𝑆 𝑝𝑚𝑣 -1	𝑟 222 𝑇 -𝑟 222 𝑆 (𝑝𝑚𝑣 -1 )	𝜀 22 𝑇	𝜀 22 𝑆	𝑛 7 (𝑟 222 𝑆 ) 2 𝜀 22 𝑆	(𝑝𝑚𝑣 -1 ) 2
		LN-Cg	6. 4 ±0.4	6.6±0.4	3.9±0.3	2.7±0.4	87±5	62±3	79
		2%ZrO2	5.2±0.4	5±0.4	2.9±0.3	2.1±0.4	72±4	51±3	157
	LN:In4	1.7%In	4.8±0.3	4.6±0.3	4.4±0.3	0.2±0.4	32±1	31±1	200
	LN:In3	0.5%In	4.6±0.3	4.6±0.3	4.5±0.3	0.1±0.4	32±1	30±1	216
	LN:In2	0.25%In	5.5±0.4	5.4±0.4	5.3±0.4	0.1±0.4	29±1	27±1	333
	LN:In1	0.12%In	6. 4 ±0.4	6. 2 ±0.4	6±0.4	0.2±0.4	34±3	33±2	349
	Dielectric Permittivity.						

The results of the dielectric measurements for clumped and unclamp coefficients 𝜀 22 𝑇 , 𝜀 22 𝑆 for the understudy samples LN:In1-LN:In4 are given in Figure 3.4.1.2.3 and Table 3.4.1.2.1.

  The introduction ofIn ions the absorption edge remains invariable compared to the optical spectrum for pure LN crystals grown from the same charge. § 3.4.2. LN crystals doped with transition metal (Fe) ionsElectro-Optic CoefficientsAs at room temperature 𝐿𝑖𝑁𝑏𝑂 3 crystal belongs to an optically uniaxial rhombohedral crystallographic group with point-group symmetry 𝐶 3𝑣 = 3𝑚. thus, the EO coefficients of interest are the direct 𝑟 22 , 𝑟 13 and 𝑟 33 EO coefficients and the 𝑟 𝑐 coefficient calculated from the relation 3.1.1.1.2.5.Following the description of the setups and methods presented above, the coefficients of the third column of the EO tensor, 𝑟 13 and 𝑟 33 , plotted in Figure3.4.2.1 versus the composition, were experimentally obtained applying the MDM method with the two-beams interferometric setup.

	1.20E-011									
							r 13 , LN:Fe (0.11 mol%)	3.00E-011
	1.10E-011						r 33 , LN:Fe (0.11 mol%)	
	1.00E-011									2.50E-011
	9.00E-012									
										2.00E-011
	8.00E-012									
										1.50E-011
	7.00E-012 13									r 33
	r									
	6.00E-012									1.00E-011
	48.2	48.4	48.6	48.8	49.0	49.2	49.4	49.6	49.8	50.0
				Li content in the crystal			

Li content in the crystal FDEOM LN:Fe (0.11mol%) MDM LN:Fe (0.11 mol%) FDEOM pure LN

  

		12								
		10								
		8								
	(pm/V)	6								
	r 22	4								
		2								
		48.2	48.4	48.6	48.8	49.0	49.2	49.4	49.6	49.8	50.0

Figure 3.4.2.2: The 𝑟 22 EO coefficient for un-doped and iron doped lithium niobate crystals as function of the composition determined by both the FDEOM and MDM methods. It is to be of note that the lines in Figures 3.4

.2.1 and 3.4.2.2 relying the experimental points are just guides for the eyes. Indeed, if we consider, Figure 3.4.2.2, the behavior of 𝑟 22 with composition for pure crystals, we notice very low values of the coefficient for intermediary composition. In the iron-doped series, samples in this intermediary composition range were unfortunately absent. One can see that EO coefficients 𝑟 22 , 𝑟 13 and 𝑟 33 present the same
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	1.1: Photorefractivity of LN crystals

  . § 4.2. Photogalvanic effect Free charge carriers (electron/holes) excited by the inhomogeneous illumination (intensity 𝐼/𝑟) migrate to the conduction/valence band because of drift, bulk photovoltaic effect and the diffusion, which can be expressed by the following equation (4.2.1): 𝑒 𝑘 are unit vectors of polarization of the light wave, 𝐼 = |𝑎 2 | is the light intensity. 𝛽 311 = 𝛽 322 , 𝛽 333 , 𝛽 222 = -𝛽 211 , 𝛽 113 = 𝛽 223 . The components β311 and β333 having the same order of magnitude are larger than 𝛽 222 . The photovoltaic tensor element 𝛽 113 = 𝛽 131 *

	𝑗 = 𝑗 𝑝ℎ + 𝑗 𝑑𝑟𝑖𝑓 + 𝑗 𝑑𝑖𝑓𝑓	(4.2.1),
	where 𝑗 𝑑𝑟𝑖𝑓 is the drift current obeyed Ohms law results from the Coulomb interaction of
	charge carriers with a electric field, the diffusion transport of photocarriers 𝑗 𝑑𝑖𝑓𝑓 = 𝜎(𝐸 𝑒𝑥𝑡 +
	𝐸 𝑖𝑛𝑡 ) occurs under a non homogeneous illumination and rises by the external or internal
	fields. The photoexcited charge carriers scattering, thermalizing, lose their directional
	properties and contribute to the drift and diffusion currents but no to the bulk photovoltaic
	current. The bulk photovoltaic effect related to the photoexcitation and recombination
	processes can be expressed as	
	𝑗 𝑝𝑣,𝑖 = 𝛽 𝑖𝑗𝑘 𝑒 𝑗 𝑒 𝑘 𝐼	(4.2.2),
	where 𝑒 𝑗 , The complex photovoltaic tensor 𝛽 𝑖𝑗𝑘 = 𝛽 𝑖𝑗𝑘	* contains four components, that are not equal to
	zero:	
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 4 proposed that appearance of 𝐹𝑒 𝑁𝑏 3+ new centers is due to the remove of 𝑁𝑏 𝐿𝑖 centers by Mg ions. The partial incorporation of 𝐹𝑒 3+ ions onto Nb site with the possible self compensation [𝐹𝑒 𝐿𝑖 3+ ]′′ -[𝐹𝑒 𝑁𝑏 3+ ]′′ was found above the threshold concentration for non photorefractive ions which is equal to 4.6-6% for Mg, whereas that the location of 𝐹𝑒 2+ in Li site is independent with the presence of non photorefractive dopants. The steep increase of photoconductivity was found in non photorefractive ions co-doped LN:Fe crystals although the ratio [𝐹𝑒 2+ ]/[𝐹𝑒 3+ ] is lesser because of the hampering of the Fe ions incorporation onto Li site resulting to the 𝐹𝑒 2+ lower concentration. Above the threshold concentration of non photorefractive ions the 𝐹𝑒 3+ centers are no more electron trap centers thus the origin of electron traps is varied however 𝐹𝑒 2+ centers remain as electron donors. Thus the threshold concentration of non photorefractive ions is lesser in co-doped crystals with transition metals [53,57,63] (3.1). Above the threshold concentration of non photorefractive ions the 𝐹𝑒 3+ centers are no more electron trap centers thus the origin of electron traps is varied however 𝐹𝑒 2+ enters remain as electron donors.
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 4 7.1.1: For the simulation used parameters.

	Parameter	Value Unit Ref. Note
	E FP	0.545 eV	[94] Free polaron energy
	E GP	0.75	eV	[96] Bound polaron energy
	E Fe	0.7	eV	[94] Fe defect energy
	ε FP	0	eV	Free polaron pre-localization energy
	ε GP	0.2	eV	[96] Bound polaron pre-localization energy
	ε Fe	1.22	eV	[94] Fe defect polaron pre-localization energy
	α FP,FP = α GP,GP = α GP,FP= a	1.6	eV	[96] Hopping parameter
	α FP,Fe = α GP,Fe = c	1.3	eV	[96] Trapping parameter
	I FP,FP = I FP,GP = I GP,GP= I	0.1	eV	[97] Transfer integral pre-factor
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where 𝑇 is the transmission ratio or (optical) factor, 𝐼 0 is the incident beam intensity (measured before the sample), 𝐼 is the output light intensity and 𝑇 0 is the transmission factor expressing the beam losses by reflection and/or absorption caused by the system.

If the polarizer and analyzer axes are parallel (i.e. 𝛽 = 𝜋/4) the Eq. 3.1.1.1.1 may be rewritten as:

when the above mentioned axes are crossed (i.e. 𝛽 = -𝜋/4 𝑜𝑟 3𝜋/4) the transmission ratio can be reported as:

By using the quarter wave plate arranged with the axes at 𝜋/4 to the axes of the understudy sample, an optical transmission ratio for Sénarmont system can be expressed as [6,10,65]:

) -𝛽] (3.1.1.1.4).

The compensation of the natural retardation.

The differential phase retardation created between the two polarization components of a light beam propagating through a birefringent crystal with refractive indices n1 and n2, is ruled by the relation:

where 𝐿 𝑒𝑓𝑓 is the length of the crystal along the light beam, 𝜆 0 the wavelength of light in a vacuum and ∆𝑛 = 𝑛 2 -𝑛 1 , the total birefringence of the sample for the direction considered. When an electric field E is applied onto a linear EO crystal or modulator, this birefringence can be rewritten as:

) 𝑛 3 "Modulation Depth Method" (MDM) [6] can be used to determine the EO coefficient as a function of the modulated frequency from DC to 1 MHz defined by the specifications of power supply and signal acquisition electronic setup.

By measuring the peak-to-peak amplitude 𝑖 𝑝𝑝 of the modulated signal at the point 𝑀 1 the EO coefficient is obtained directly from the following equation: In interferometric setup, the differential phase retardation of the beam passing through the crystal is considered relative to the phase of the polarization of the reference beam passing in the second arm of the interferometric setup. In the most common interferometric system, that is the Mach-Zehnder interferometer the transmission equation along the axis of the interferometer is similar to Eq. 3.1.1.1.5 and followings, where Γ is now the differential phase retardation at the output between the phases of the two beams in the active branch and in the reference branch. Within such setup, considering the total light intensity I0 entering the system assumed equally divided between the two branches, the 𝐼 -𝜙 transfer function output fringes can be described by equations similar to Eq. 3.1.1.1.8. For this opto-geometrical configuration, the electro-optically controlled phase shift 𝜙, described by Eq. The dependence of the linear EO coefficients on lithium niobate crystals composition 𝑋 𝑐 =

[𝐿𝑖]/[𝐿𝑖 + 𝑁𝑏] and the introduction of iron ions in various opto-geometric configuration was reported for samples LN:Fe1-1÷LN:Fe1-3 doped with fixed Fe ions with the crystal composition changing from 𝑋 𝑐 = 48.45 mol %, i.e. congruent composition to 𝑋 𝑐 = 48.45 mol % i.e. close to the stoichiometric composition [75]. The electro-optic coefficients 𝑟 22 and combined 𝑟 𝑐 have been analyzed with the aid of the one-beam Senarmont-type ellipsometric technique using the FDEOM or MDM methods, whereas to measure the elements of third column of EO tensor the Mach-Zehnder two beam interferometric setup was employed. In all EO measurements with the FDEOM or MDM methods, using either the Sénarmont or the interferometric setups, the samples were mounted in a transverse opto-geometric configuration. In the case of the 𝑟 22 electro-optic coefficient, the external field is applied parallel to the 𝑦 axis of the crystals and the light propagation along their 𝑧 axis (see Table 3.1.1.4). A symmetrical configuration was used for 𝑟 13 , 𝑟 33 and 𝑟 𝑐 with the external field applied along the 𝑧 axis and the laser beam propagated parallel to 𝑦 axis. Measurements were performed at room temperature using a He-Ne laser at λ=632.8 nm. To decrease the influence of the photorefractive effect induced by the laser beam used for the measurements, an optogeometric configuration have been chosen assuming a beam propagation along the 𝑦 axis of the samples as their dimensions are smaller along that compared to 𝑥 axes ( §1,Table 1.2.1). On the other hand in order to minimize additionally the photorefractivity during the measurements, a non-focalized beam was used assuming a low power density in the crystal under study. Each coefficient was given from an average value provided by more than ten measurements after suppression of the extremum in the experimental results. Within this experimental protocol and even with a low dynamic in the output signal due to the low intensity of the beam, an accuracy of ±5% was found for the final value given for all coefficients. In both MDM and FDEOM methods, the dynamic component of the EO response was produced by an ac sinusoidal voltage 𝑉 = 𝑉 𝑚 𝑠𝑖𝑛(2𝜋𝑓𝑡) of maximum amplitude 𝑉 𝑚 variable up to 100V at a frequency f equal to 1kHz. In the FDEOM method the dc bias was induced in § 3. To cancel a parasitic charge condensation at the sample surface it is short-circuited by a covering the conductive paste on the edges. To create, keep and control as well the homogeneous temperature in the range from room temperature to 150 K the sample was placed in the internal chamber of the nitrogen optical cryostat with a 0.1 K stability and the laser beam penetrated through the quartz window onto the crystal. The peak green beam intensity on the sample surface has been measured considering the losses caused to the cryostat window which was equal 𝐼 0 = 280𝑊/𝑚 2 . Due to the realized low intensity regime the photoactive donor 𝐹𝑒 2+ centers may be proposed as a single photo-excited charge carrier source. Before every measurement the LED (light emission diode) of incoherent light covering the whole surface of the sample was switched to clean all the information of previously measurements.

The duration of the cleaning process depends on the temperature and is faster at room temperature. According to the photorefractive effect, the green beam pattern was turn into a refractive index pattern [72].

Production of interferogram of under study samples via the digital holographic technique.

The holograms including the information about the refractive index changes depend on the time are formed by Mach-Zehnder interferometer, which is considered the second part of the setup.

In order to create and visualize the fringes in the two-dimensional CCD camera (charge coupled device), 𝜆 = 632.8 nm wavelength He-Ne laser beam source with 5 mW power was used, which was spatially filtered (SF) and was attenuated not to change the refractive index variation ∆𝑛 formed by 543 nm green laser beam. The 632.8 nm laser beam was splitted (BS) onto two parts: object and reference beams making up a Mach -Zehnder interferometer. The object beam superimposing to the 543 nm laser beam was transmitted via the crystal with the help two dichroic mirrors (DM). After the sample object beam was recombined with the reference beam due to the second beam splitter (BS) resulting to the interferogram by using the CCD camera with 1280 × 7800 pixels array (pixel dimension is 3 µ𝑚). In order to produce an image of the output surface of the tested sample on the CCD target plane a set of lenses with 4 𝑓 system was arranged supporting the near field conditions for measurements to avoid the distortion of laser beam caused by the photorefractive effect. A polarizer was placed in front of the CCD camera only to select the extraordinary component of the varied refractive index ∆𝑛. The shutters were utilized to control the time exposure of the two lasers and of the LED.

In order to obtain a picture of the sample corresponding to a time step set by the experimenter the CCD camera was connected directly to the photo-camera. The control of the temperature of the cryogenic system was performed with the help of the computer, which allows to monitor the temperature at each time frame.

According to the object beam containing an information about the phase shift after the sample the complex amplitude equal to 𝑈(𝑍)𝑒 𝑖𝜑(𝑥,𝑦) on the CCD target plane [73] where 𝜑(𝑥, 𝑦) phase difference caused by the sample can be in the range [0; 2𝜋]: ∆𝜑𝜖[0, 2𝜋] the crystal considering as a pre phase object thus the photorefractivity influences only on the phase. The period of the visualized fringes depends on the wavelength and the angle between the object and reference beams 𝛬∼ 1 𝑠𝑖𝑛𝜃 as the beam wavelength 𝜆=632.8 nm is constant.

In the case of using only an object beam in the CCD detector would be formed only bright spot instead of fringes as CCD camera records only the intensity of the beams, on the other hand, an intensity is proportional to the square of amplitude.

Whereas due to the interference of reference and object beams, the total complex amplitude (the scheme is given in figure 4.5.4) is expressed as:

The resultant intensity of the hologram on the CCD plane is equal to:

Where the last items 𝑈𝑈 * 𝑒 -𝑖𝜑 + 𝑈𝑈 * 𝑒 𝑖𝜑 demonstrate the phase shift due to the crystal.

-Reception of wrapped phase map from the interferogram due to the Fourier transformation.

To obtain phase shift all images of the interferograms were analyzed automatically by the following processes [70]:

Preprocessing of the input image (dots) demonstrating the monotonous decrease with the decrease of the temperature.

Choosing the initial and final sites all the required parameters can be obtained for the description of the possible jumps in iron doped LN crystals. The required parameters such as:

1) two energetic parameters, the polaron energy 𝐸 𝑖 and the pre-localization energy 𝜀 𝑖 , 2) six orbital parameters (𝑎 𝑖,𝑓 = 𝑎 𝑓,𝑖 ), 3) six pre-factors determine the transfer integral ruling the possible jumps are given in Table 4.7.1.1.

To illustrate the influence of the space charge field 𝑬 on the hopping frequency in Eq. 4.7.1.1

to the parenthesis at the numerator the potential energy 𝑞(𝒓 𝑖 -𝒓 𝑓 ) • 𝑬 gained by the polaron with the position vectors 𝒓 𝑖 and 𝒓 𝑓 related to the correspondingly initial 𝑖 and final 𝑓 sites is added. To support the random diffusion in the simulation the space charge field must be not to strong, which means that the term 𝑞(𝒓 𝑖 -𝒓 𝑓 ) • 𝑬 must be smaller compared to the absolute temperature 𝑘𝑇. For the investigation of the measurable displacement this above mentioned compromise is maintained setting the value of field at 5 × 10 6 𝑉/𝑚 along the crystallographic 𝑐 axis for all values of the temperature. As the approximation (4.7.1.1) is correct only for nonadiabatic hopping frequency [START_REF] Emin | Polarons[END_REF] thus, the lattice must keep an essential thermal energy leading the charge motion as well as it assuming reliable for temperatures above the one half of the Debye temperature 𝜃 𝐷 /2, when 𝜃 𝐷 ≈ 503 K for lithium niobate crystals [START_REF] Abrahams | Ferroelectric Lithium Niobate. 3. Single Crystal X-ray Diffraction Study at 24 ̊ C[END_REF].

Nevertheless, according to the experimental results investigated by Faust et al [START_REF] Faust | Free Small Polarons in Fe:LiNbO3[END_REF] the nonadiabatic approximation can be preserved at least down to 150 K temperature, as the Arrhenius plot of the mobility in LN crystals without antisites is maintained before above mentioned temperature. § 4.7.

Monte Carlo simulation

The small polaron theory based on Marcus-Holstein's model was used in Monte Carlo algorithm which is considered the simplest numerical approach to simulate the hopping model consist of one single electron at time. This approach is related to low electron density system thus, the interaction between electrons is ignored. At the initial site NbNb electron places randomly performs a jump in a structure reproduced randomly. Although the final position

Summary

The dissertation is devoted to the investigation of photorefractive, structural, electro-optical (EO) and dielectric properties depending on the intrinsic and extrinsic defects (introduced by incorporation of non photorefractive (Zr 4+ , In 3+ ) and photorefractive (Fe 2+/3+ ) ions) in lithium niobate (LN) crystals resulting to the purposeful control the photorefractive effect taking into account the features of the applications of LN crystals.

The main conclusions as obtained are the following:

1. EO and dielectric coefficients remain quazi constant in congruent crystals LN:Zr with the varied 𝑍𝑟𝑂 2 concentration from 0 mol % to 2.5 mol % excluding a kink at 2 mol % considered as the threshold Zr concentration.

LN:

In congruent crystals with 𝐼𝑛 2 𝑂 3 concentration in the studied range, i.e. from 0.12 mol% to 1.7 mol%, the EO coefficient 𝑟 222 and the dielectric coefficient 𝜀 22 possess only a small acoustic contribution related to the fact that In ion being trivalent, it may be incorporated simultaneously in both lattice cation positions (𝐼𝑛 𝐿𝑖 2+ and 𝐼𝑛 𝑁𝑏 2-) and the amount of 𝑁𝑏 𝐿𝑖 is completely cancelled even at In concentration < 2 mol%. -